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The long-range transport of air pollutants in the East Asia changed the particle 
size distributions of ultrafine particles in the downstream region. This phenomenon 
also called as new particle formation (NPF). However, the mechanism of newly 
formed nanoparticles was incompletely understood. This is because those air 
pollutants consist of not only the gaseous pollutants but also primary aerosols such 
as PM2.5, PM1, BC, and OC. In order to investigate the NPF events under long-
range transport of polluted air, we conducted the field observation in Fukue Island, 
Japan, a rural area located in the western coast of Kyushu, over certain period in 
2013-2017. Therefore, we classified and analyzed the factors affecting the NPF at 
Fukue site. 
Type-A is strong event when a remarkable increase of new particles were 
identified under low concentration of pre-existing particles with the initial size of 
nucleation is as small as 3-4 nm. In the case of type-B and -C, most of the days were 
identified under sulfur rich in the particle phase. It suggested that the nucleation 
might appeared in the upstream region and high altitude. Therefore, we conducted 
aerial observation to investigate the particle number concentration related to NPF 
events. We also tried to develop of nanoparticles detector that the minimum size of 
detection of particle is as small as 1 nm.  
In 2013, we observed the large-scale of air mass came to the site. It was 
identified under high concentration of SO2 and PM2.5. These conditions 
significantly affected the number of strong event during our field observation period. 
However, since then, the number of events were gradually decreased due to the 
emission sources in the upstream region were also decreased. In 2015, we only 
identified the weak event due to insufficient amount of SO2 concentration. It seems 
that the pre-existing particles surpassed the NPF events. In the last 2-year (2016-
2017), the strong events were re-appeared due to clean environmental (low 
concentration of PM2.5). For that reason, we analyzed the 5-year data of field 






I would like to thank Prof. Y. Otani, Prof. T. Seto, Prof. M. Kumita, Prof. H. 
Higashi, and Prof. Y. Inomata for their professional advice, encouragement, and 
full support throughout this doctoral course. I could learn from their expertise under 
a lovely environment for research. They truly gave me an ultimate experience, 
expanded my network in the academic society, and gave me a trust and self-
confidence.  
I would like to thank Dr. A. Takami and Dr. A. Yoshino from National 
Institute for Environmental Studies (NIES) and Prof. N. Takegawa from Tokyo 
Metropolitan University for the cooperation and gave me an opportunity to study in 
the Fukue site, Fukue Island, Japan, over 4-times field observation period (2014-
2017). Their guidance has helped me to a better understanding of my research very 
clear. 
I would like to thank Prof. M. Hayashi from Fukuoka University and Mr. K. 
Okabe from Sky Remote Co. Ltd. for outstanding aerial observation using a kite-
plane, thus, I learned the technical and field experience on the airborne 
measurement. I would like to thank Prof. K. Miura and Dr. Y. Iwamoto from Tokyo 
University of Science for a golden chance to investigate atmospheric nanoparticles 
at top of Mt. Fuji. I also would like to thank Dr. N. Hama from Tokyo Dylec Corp. 
for his expertise and allowed me to use the 1nm-SMPS for the first time. 
I would like to thank Mr. K. Takahara, Mr. F. Li, Mr. S. Muramoto, and D-
group member for memorable moments during study and research in our admirable 
laboratory. I also thank you so much for their assistance in my daily life. 
This doctoral program seems impossible without the support of Directorate 
General of Higher Education (DIKTI) scholarships, Telkom University, and 
Telkom Foundation, Indonesia.  
I also would like to thank my family in Indonesia for everything. Finally, I 
dedicate my dissertation to my wife and sons who supported and cheered me in 










LIST OF FIGURES v 
LIST OF TABLES xi 
   
CHAPTER 1 INTRODUCTION 1 
1.1 Background 1 
1.2 Objectives 2 
1.3 Scope 2 
   
CHAPTER 2 FIELD OBSERVATION OF ATMOSPHERIC 
NANOPARTICLES IN FUKUE ISLAND, JAPAN 
5 
2.1 Introduction 5 
2.2 Field Observation: overview and methods 7 
2.2.1 Monitoring site 7 
2.2.2 Instruments 7 
2.3 Results and Discussion 9 
2.3.1 Data overview and meteorological conditions 9 
2.3.2 Factors affecting NPF events 18 
2.3.3 Large-scale transport of air pollutants observed on March 
4 and November 8, 2013 
27 
2.4 Conclusions 31 
   
CHAPTER 3 AERIAL OBSERVATION OF ATMOSPHERIC 
NANOPARTICLES IN FUKUE ISLAND, JAPAN 
33 
3.1 Introduction 33 
3.2 Laboratory and ground based test 35 
3.2.1 Laboratory test 35 
3.2.2 Ground-based test 37 
iv 
 
3.3 Method of aerial observation 39 
3.4 Results and discussion 41 
3.4.1 Case 1: Event day (Apr. 13, 2017) 41 
3.4.2 Case 2: Origin of the air masses (Apr. 14, 2017) 45 
3.4.3 Case 3: Non-event day (Apr. 15-16, 2017) 48 
3.5 Conclusions 54 
   
CHAPTER 4 DEVELOPMENT OF NANOPARTICLE 
DETECTOR 
55 
4.1 Introduction 55 
4.2 Methods 56 
4.2.1 Parallel-plate mobility analyzer 56 
4.2.2 Aerosol electrometer 57 
4.3 Nanoparticle detector 58 
4.4 Experimental setup 59 
4.5 Results and discussion 60 
4.6 Conclusions 62 
   
CHAPTER 5 CURRENT SITUATION OF ATMOSPHERIC 
NANOPARTICLES IN FUKUE ISLAND, JAPAN 
63 
5.1 Introduction 63 
5.2 Methods 66 
5.3 Results and discussion 66 
5.4 Conclusions 74 
   
CHAPTER 6 SUMMARY 76 
6.1 Summary 76 
6.2 Future work 78 






LIST OF FIGURES 
 
2.1 (a) Typical 48-hour back trajectories of the air mass for most of 
observation days, (b) vertical direction of the air mass for type-A 
(the red lines), (c) type-B (the green lines), and (d) type-C (the blue 
lines), calculated by NOAA HYSPLIT model at Fukue Island, 
Japan. 
10 
2.2 Overall data from the first observation period (February 23 to 
March 7, 2013): (a) a contour plot of the mobility size distribution 
(3 < Dp < 60 nm), (b) particle concentration (2.5 < Dp < 64 nm), (c) 
meteorological data (I, T, and RH), (d) the PM2.5 concentration and 
mass concentration of chemical components (Cl-, NO3-, SO42-, Org, 
and NH4+), and (e) the SO2 gas concentration. 
11 
2.3 Overall data from the second observation period (November 7 to 
20, 2013), (a) a contour plot of the mobility size distribution (3 < 
Dp < 600 nm), (b) particle concentration (2.5 < Dp < 64 nm), (c) 
meteorological data (I, T, and RH), (d) the PM2.5 concentration and 
mass concentration of chemical components (Cl-, NO3-, SO42-, Org, 
and NH4+), and (e) the SO2 gas concentration. 
12 
2.4 Overall data from the third observation period (November 2 to 24, 
2014), (a) a contour plot of the mobility size distribution (3 < Dp < 
600 nm), (b) particle concentration (2.5 < Dp < 64 nm), (c) 
meteorological data (I, T, and RH), (d) the PM2.5 concentration and 
mass concentration of chemical components (Cl-, NO3-, SO42-, Org, 
and NH4+), and (e) the SO2 gas concentration. 
13 
2.5 Daily change in the mobility size distribution for typical three 
cases, (a) strong NPF event starting from sub-10 nm (type-A), (b) 
weak NPF event starting from > 10 nm (type-B), and (c) non-NPF 
event (type-C). 
15 
2.6 Daily weather map provided by the Japan Meteorological Agency 




2.7 Daily data of rainfall and pressure during three observation 
periods: a) Feb. 23 to Mar. 7, b) Nov. 7 to 20, 2013, and c) Nov. 2 
to 24, 2013. Noted that type-A and -B were marked by red and 
green rectangle. Meanwhile, type-C was unmarked. 
18 
2.8 Daily peak values of solar radiation against corresponding SO2 gas 
concentrations at times of peak solar radiation. 
19 
2.9 Daily-averaged PM2.5 concentration against the daily-averaged 
SO2 concentration on a days with peak solar radiation over 600 
W∙m-2. 
20 
2.10 Hourly-averaged PM2.5 concentration against the hourly-averaged 
SO2 concentration on a days with peak solar radiation over 600 
W·m-2. Noted that the data points of two special cases (Mar. 4 and 
Nov. 8, 2013) were not plotted. 
22 
2.11 Daily-averaged SO42- mole concentration against the 
corresponding daily-averaged SO2 concentration on high-solar-
radiation days (>600 W·m-2). 
23 
2.12 Daily-averaged SO42- concentration (doubled) against the 
corresponding daily-averaged NH4+ concentration on a day when 
the peak solar radiation exceeded 600 W·m-2. 
25 
2.13 Daily-averaged NO3- mole concentration against the 
corresponding daily-averaged gaseous NOx concentration on high-
solar-radiation days (>600 W·m-2). 
26 
2.14 Contour plot of mobility size distribution, the particle 
concentration (2.5 < Dp < 64 nm), the mass concentration of 
chemical components (Cl-, NO3-, SO42-, Org, and NH4+), and the 
SO2 and NOx gas concentration of large-scale transport of air 
pollutants associated with the NPF on November 8 and March 4, 
2013. 
28 
2.15 Water-soluble cation (NH4+) and anion (SO42-, NO3-, and Cl-) 
concentrations sampled by Nanosampler at (a) November 8 and (b) 




3.1 Aerial Observation of atmospheric nanoparticles in Fukue Island, 
Japan (~3.7 km from the Fukue site). 
34 
3.2 (a) CPC Model 3781 (TSI, Inc.) and (b) kite-plane (Fukuoka 
Univ.). 
35 
3.3 Experimental setup in the laboratory. 35 
3.4 Schematic diagram of CPC Model 3781 (TSI, Inc.). 36 
3.5 Comparison data between CPC-3781 and CPC-3775. 37 
3.6 (a) CPC-3781 at the rooftop; (b) Particle number concentration; 
and (c) contour plot of mobility size distribution (Apr. 12, 2017). 
38 
3.7 Emission test (measured by CPC Model 3781 with different 
positions). 
39 
3.8 Aerial observation area. 40 
3.9 Examples of trajectory in altitude direction of the kite-plane during 
aerial observation period (Apr. 13-16, 2017). 
41 
3.10 Particle number concentration as a function of space in the event 
day (Apr. 13, 2017): (a) noon (~11:55-12:35 JST) and (b) 
afternoon (~15:00-15:40 JST). 
42 
3.11 Particle number concentration ((a) and (c)) and meteorological 
condition ((b) and (d)) in the event day (Apr. 13, 2017). 
43 
3.12 (a) Particle number concentration and height as a function of time 
and (b) contour plot of mobility size distributions in the event day 
(Apr. 13, 2017). 
44 
3.13 Evolution of (a) particle number concentration (dN/dlogDp) and (b) 
concentration of surface area (dS/dlogDp) from SMPSs data (Noted 
that the figure shows only at 08:00); (c) weather map (provided by 
Japan Meteorological Agency); (d) wind direction; and (e) NOAA 
HYSPLIT back trajectory model in 48-hr in the event day (Apr. 13, 
2017). 
45 
3.14 Weather map ((a) and (b)) and particle number concentration as a 
function of space ((c) (local time, ~08:35-09:35) and (d) (~11:10-




3.15 Particle number concentration ((a) and (c)) and meteorological 
condition ((b) and (d)) in the case of air masses origin (Apr. 14, 
2017). 
47 
3.16 (a) Particle number concentration and height as a function of time, 
(b) contour plot of mobility size distributions, (c) particle number 
concentration (dN/dlogDp) and (d) concentration of surface area 
(dS/dlogDp) in the case of air masses origin (Apr. 14, 2017). Noted 
that the figure (c) and (d) show only at 16:00. 
48 
3.17 Pressure map ((a) and (d)), wind direction ((b) and (e)), and NOAA 
back trajectory model ((c) and (f)) in the case of non-event day 
(Apr. 15-16, 2017). 
49 
3.18 Particle number concentration as a function of space on Apr. 15, 
2017: (a) Morning (~08:40-09:30 JST), (b) noon (~11:05-11:50 
JST), and (c) afternoon (~14:00-15:00 JST). 
50 
3.19 Particle number concentration ((a), (c), and (e)) and meteorological 
condition ((b), (d), and (f)) on Apr. 15, 2017. 
51 
3.20 (a) Particle number concentration and height as a function of time, 
(b) contour plot of mobility size distributions, (c) particle number 
concentration (dN/dlogDp) and (d) concentration of surface area 
(dS/dlogDp) on Apr. 15, 2017. 
52 
3.21 Particle number concentration ((a), (c), and (e)) and meteorological 
condition ((b), (d), and (f)) on Apr. 16, 2017. 
53 
3.22 (a) Particle number concentration and height as a function of time, 
(b) contour plot of mobility size distributions, (c) particle number 
concentration (dN/dlogDp) and (d) concentration of surface area 
(dS/dlogDp) on Apr. 16, 2017. 
54 
4.1 Examples of commercial product for nanoparticle detector: (a) 
1nm-SMPS (TSI, Inc.), (b) Nanometer aerosol and Air Ion 
Spectrometer (NAIS), and (c) Aerosol Electrometer (Model 
3068B, TSI Inc.). 
56 
4.2 Schematic diagram of parallel-plate mobility analyzer. 57 
4.3 Schematic diagram of aerosol electrometer. 58 
ix 
 
4.4 Nanoparticle detector. 59 
4.5 Experimental setup. 60 
4.6 Noise level before (marked by blue line) and after (marked by 
orange line) using shield and guard. 
61 
4.7 Comparison data between nanoparticle detector and aerosol 
electrometer. 
61 
5.1 Emission sources (PM2.5 and SO2) in China. Noted that PM2.5 and 
SO2 concentration was reproduced from Lang, J. et al. (2017), 
Trends of PM2.5 and Chemical Composition in Beijing, 2000-2015 
(Aerosol and Air Quality Research) and Jin, Y. et al. (2016), Air 
Pollution Control Policies in China: A Retrospective and Prospects 
(Int. J. Environ. Res. Public Health) respectively. 
64 
5.2 PM2.5 and SO2 concentration measured at downstream region 
(Goto Station, Fukue Island, Japan). 
65 
5.3 Classification of new particle formation based on previous 
research. 
67 
5.4 Mobility size distributions over 4 period of observations: (a) Feb. 
23 to Mar. 7, 2013; (b) Feb. 27 to Mar. 17, 2015; (c) Feb. 27 to 
Mar. 25, 2016; and (d) Jan. 28 to Apr. 19, 2017. 
68 
5.5 Normalized frequency of new particle formation over 4 
observation periods (Feb. 23 to Mar. 7, 2013; Feb. 27 to Mar. 17, 
2015; Feb. 27 to Mar. 25, 2016; and Jan. 28 to Apr. 19, 2017). 
69 
5.6 Normalized frequency of new particle formation only for the event 
days and PM2.5 and SO2 concentration over 4 observation periods 
(Feb. 23 to Mar. 7, 2013; Feb. 27 to Mar. 17, 2015; Feb. 27 to Mar. 
25, 2016; and Jan. 28 to Apr. 19, 2017). 
70 
5.7 Daily-averaged PM2.5 concentration against SO2 concentration 
over four observation periods: (a) Feb. 23 to Mar. 7, 2013; (b) Feb. 
27 to Mar. 17, 2015; (c) Feb. 27 to Mar. 25, 2016; and (d) Jan. 28 
to Apr. 19, 2017). 
71 
5.8 Daily-averaged SO42- mole concentration against SO2 




7, 2013; (b) Feb. 27 to Mar. 17, 2015; and (c) Feb. 27 to Mar. 25, 
2016. 
5.9 Daily-averaged SO42- mole concentration (doubled) against NH4+ 
concentration over three observation periods: Feb. 23 to Mar. 7, 
2013; Feb. 27 to Mar. 17, 2015; and Feb. 27 to Mar. 25, 2016. 
73 
5.10 Time variation of atmospheric species and meteorological data on 
Mar. 2 and 10, 2016: (a) and (b) mobility size distributions; (c) and 
(d) PM2.5 and SO2 concentration and solar radiation (I); (e) to (h) 
weather map provided by JMA and 48-hour back trajectory based 
on the NOAA HYSPLIT model. 
74 





LIST OF TABLES 
 
2.1 Concentrations of atmospheric species and the growth rate of 
nanoparticles. 
29 


























Recently, air pollutants in the East Asia released from various resources, for 
example, coal-fired power plant, industry, and anthropogenic emissions have 
influenced the environment. Primary aerosols such as PM2.5, PM1, BC, and OC as 
well as the gaseous pollutant (SO2 and NOx) emitted directly to the air and affected 
the air quality not only in the local area but also in the other region. Zheng et al. 
(2016) reported the average air pollution concentration in Yangtze River Delta area 
(Jiangsu, Zhejiang, and Shanghai), East China, in 2012. SO2 concentration is far 
below the China’s national standard, however, NO2 concentration reached the level 
of standard and PM10 surpassed the national standard. Xue et al. (2016a) reported 
that SO2 concentration is the primary emissions of air pollutants in Beijing, China, 
particularly in the winter season. This variation of SO2 data was close to the data 
from Goto station (32.75ºN, 128.68ºE; Fukue Island), a rural area in the western 
coast of Kyushu, which measured by Ministry of the Environment, Japan 
(http://nagasaki-taiki.aa0.netvolante.jp/graph/monthly). The monthly-averaged of 
SO2 concentration at Goto station is around 6-times lower than the concentration in 
Beijing. 
Those polluted air came not only from China but also from Korea and Japan, 
transported in the long-distance under the westerly wind, and changed the particle 
size distributions in the downstream region (Seto et al., 2013). During transport, for 
instance, SO2 was oxidized by OH radicals into H2SO4 through photochemical 
processes and then converted into new particles by homogeneous nucleation if the 
absence or low concentration of pre-existing particles. However, if the PM2.5 exist, 
then it will condense to that particulate matter. Such a competition has added to 







We think that NPF and growth events in the East Asia region are still 
incompletely understood. The newly-formed nanoparticles in Fukue Island have 
features, especially in the correlation between NPF and the long-range transport of 
air pollutants. Therefore, we conducted field observation of atmospheric 
nanoparticles at Fukue site in the period of 2013 to 2017 especially in the winter-
to-spring season. We installed various instruments at the site, such as scanning 
mobility particle sizer spectrometers, aerosol mass spectrometer, gaseous analyzer, 
and meteorological devices to investigate the NPF events under long-range 
transport of air pollutants. 
For some case, we detected no clear initial particle formation process (<10 
nm). It seems that the photochemical events might have taken place in the upstream, 
high-altitude region before entering the Fukue site. Therefore, in order to 
investigate the atmospheric layers of freshly-formed nanoparticles, we observed the 
concentration of atmospheric nanoparticles by the aircraft (~3.7 km from the ground 
based station). 
The size, as well as its chemical composition, of the initial nucleating species 
in the sub-10 nm range was also considered as the main part to explain the NPF in 
the Fukue Island, Japan. Based on the previous research, the smallest size of freshly-
formed nanoparticles are around 3-4 nm. Therefore, we tried to develop portable 
instrument which can detect atmospheric nanoparticles down to 1 nm in the 
laboratory. 
In the last 5-years (2013-2017), the level concentration of SO2 and PM2.5 tend 
to be decreased. It might be due to controlling the emissions in the source region. 
We analyzed these current situation and how it affect to the NPF in the downstream 
region, Fukue Island, Japan. 
 
1.3 Scope 






Chapter 1 Introduction 
The background of this thesis in general was introduced. The objectives are 
clearly described and there are four main sub-topics: (1) field and (2) aerial 
observation of atmospheric nanoparticles in Fukue Island, Japan; (3) development 
of nanoparticle detector; and (4) current situation of newly-formed nanoparticle in 
Fukue Island, Japan. The scope of this thesis was also described. 
 
Chapter 2 Field observation of atmospheric nanoparticles in Fukue Island, 
Japan. 
This chapter analyzed the correlation between long-range transport of air 
pollutants and NPF. Monitoring site and instruments were described. Classification 
of NPF as well as the typical meteorological conditions was introduced. Then, the 
factors affecting NPF events were explained. In the end of this chapter, we 
identified the large-scale transport of air pollutants and its characteristics related 
with NPF events. 
 
Chapter 3 Aerial observation of atmospheric nanoparticles in Fukue Island, 
Japan. 
We introduced the aerial observation near the Fukue site using the unmanned 
radio-controlled airplane. Laboratory and ground-based test of Water-CPC were 
performed. Methods of aerial observation were described. As a result, there are 
three cases: (1) event day; (2) non-event day; and (3) origin of the air masses. The 
profile of particle number concentration as a function of altitude and the boundary 
layer of the atmospheric for each case were explained. The data, therefore, were 
compared to the data in the ground based station (Fukue site).  
 
Chapter 4 Development of nanoparticle detector. 
This chapter explained the development of nanoparticle detector based on 
parallel-plate mobility analyzer and aerosol electrometer. It was designed for the 
aerial observation purpose. The laboratory experiment was performed. The 




Chapter 5 Current situation of atmospheric nanoparticles in Fukue Island, 
Japan. 
Since 2010, the trend of SO2 and PM2.5 concentration in the source region 
were analyzed and it was synchronized with the data in the downstream region. The 
statistical data of NPF events in the winter-to-spring season was described. SO2 and 
PM2.5 concentration in year-to-year observation period were analyzed based on our 
classification of event and non-event days. 
 
Chapter 6 Summary  
We summarized the overall results based on four main objectives in this 





FIELD OBSERVATION OF ATMOSPHERIC 
NANOPARTICLES IN FUKUE ISLAND, JAPAN 
 
2.1 Introduction 
The trans-boundary transport of air pollutants in the East Asian region has 
become a serious concern in recent years. Air pollutants emitted from urban and 
industrial areas in China, Korea, and Japan travel over long distances are thought 
to bring negative impacts on plants and humans in downstream regions. Regional 
aerosol size distributions are influenced directly by primary particles transported 
over long distances, such as yellow sand and black carbon. In addition, gaseous 
pollutants transported over long distances indirectly affect the aerosol size 
distribution through a process of secondary particle formation. Gaseous pollutants 
such as SO2 and volatile organic compounds, for instance, are photo-oxidized by 
solar radiation while they travel, and are converted to semi-volatile condensable 
vapors in downstream regions. When sufficient amounts of condensation sink are 
present, these vapors may condense into pre-existing particles. When aerosol 
concentrations in the background are low, these vapors freshly form nanometer-
sized particles through homogeneous nucleation, that is, the process known as new 
particle formation (NPF). For this reason, the particle size distribution in the 
boundary region of the East-Asian outflow exhibits a complex behavior that 
depends on both meteorological conditions and the level of air pollution. 
There have been a large number of reports on NPF from around the world in 
the last decade (Kulmala et al., 2004). Few of them, however, provide data on the 
nanoparticle size distribution in the East Asia region. Weber et al. (2003) observed 
NPF events in East-Asian anthropogenic plumes in a series of TRACE-P aircraft 
experiments over East Asia. They measured high concentrations of 3 to 4 nm 
particles associated with pollution plumes using an ultrafine condensation particle 
counter equipped with a pulse height analysis function (PHA-UCPC). Lee et al. 
(2008) reported time-varying data on the mobility size distribution (10 to 487 nm) 
in the coastal region of Korea using a scanning mobility particle sizer (SMPS). They 
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identified four classes of NPF and growth events and demonstrated that the 
nucleation events might have mainly originated from the air masses of the Asian 
continent. In an investigation of the cloud condensation nuclei (CCN) activity of 
submicron aerosol of the Gosan site (Jeju Island, Korea), Yum et al. (2007) reported 
that the CCN mostly behaved like ammonium sulfate. They also observed regional-
scale NPF and growth events in the coastal region of Korea associated with air 
masses from northern China, Mongolia, or Russia. Shen et al. (2011) reported a 
long-term (1.5 years) observation of particle number concentrations at a rural site 
in the North China Plain using a TDMPS and an aerodynamic particle sizer (APS). 
They reported that clean air masses from inner Asia enhanced NPF while air masses 
from urban and industrial regions in China increased background aerosol 
concentrations. Recent studies report simultaneous observations in rural and urban 
sites (Jung et al., 2013; Wang et al., 2013; Yue et al., 2013), but few studies have 
observed events on a regional scale. As such, two important aspects of NPF and 
growth events in the East Asia region are still incompletely understood: (i) the 
distribution and chemical species of the initial nucleating species in the sub-10 nm 
range and (ii) the correlation between NPF and the long-range transport of air 
pollutants.  
Our group conducted a field study to investigate NPF and the influence of air 
pollution transported over large distances in the East Asia region as part of the 
ASEPH (Impacts of Aerosols in East Asia on Plants and Human Health) project. 
We selected Fukue Island (32.8ºN, 128.7ºE), a rural island located in the outflow 
region of the East-Asian plume, as a supersite for field observation. In a previous 
study we collected time-resolved data on the mobility size distribution and number 
concentration at this supersite from March 9 to 16, 2012 (Seto et al., 2013). We 
identified several NPF and growth events associated with the large scale (>65 µg·m-
3 of PM2.5 concentration), long-range transport of polluted air masses from the East 
Asian region. Our instrumentation, however, lacked the sensitivity to detect the 
initial stages of the NPF (the instrumentation measured a mobility size range of 14 
to 670 nm). In the present study we measured the time-resolved mobility size 
distribution using nano-mobility particle sizers ranging from 2.5 to 64 nm. We 
analyzed how the concentration of the possible precursor (SO2 gas) and chemical 
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composition of the pre-existing particles influenced the condition of the NPF, based 
on data taken over a 50-day observation period (February 23 to March 7, 2013; 
November 7 to 20, 2013; and November 2 to 24, 2014). 
 
2.2 Field observation: overview and methods 
 
2.2.1 Monitoring site 
The observation was conducted at the Fukue Island Supersite (32.8ºN, 
128.7ºE), Nagasaki, Japan, for a total of 50 days divided between three periods: 
February 23 to March 7, 2013; November 7 to 20, 2013; and November 2 to 24, 
2014. Detailed descriptions of the Fukue site and the equipment for meteorological 
and atmospheric observation have been described earlier (Takami et al., 2005; Seto 
et al., 2013). The island is located in the outflow region of the East-Asian plume, 
particularly in the winter-to-spring season. The site is situated in a rural area of the 
island where anthropogenic emissions such as automobile and factory exhaust gas 
have no significant influence on the local environment. In our previous study (Seto 
et al., 2013) we observed frequent NPF events at this site but were unable to identify 
the initial stage of the particle formation (mobility diameter of <10 nm). This 
observation campaign was organized by the ASEPH project, and various 
meteorological data were available from the observation network for aerosol-cloud-
radiation interaction (SKYNET) and measurements of the concentrations and 
chemical composition of atmospheric aerosols and gases were available from the 
observation system of National Institute for Environmental Studies (NIES). 
 
2.2.2 Instruments 
Mobility size distributions, meteorological parameters, PM2.5 mass 
concentrations, aerosol chemical components, and SO2 gas concentrations were 
measured concurrently. Mobility size distributions between 2.5 nm and 64 nm were 
measured using a Nano-Scanning Mobility Particle Sizer (nano-SMPS) system 
composed of a nano-differential mobility analyzer (nano-DMA) (model 3085, TSI 
Inc.) and an ultrafine condensation particle counter (UCPC) (model 3776, TSI Inc.). 
In addition, a long-SMPS system composed of a long-DMA (model 3081, TSI Inc.) 
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and condensation particle counter (CPC, model 3775, TSI Inc.) was used to 
determine the particle size distributions from 14 to 670 nm in the observations in 
November 2013 and 2014.  
Meteorological data on solar radiation (I), temperature (T), and relative 
humidity (RH) were measured during the observation periods using a measuring 
system provided by Chiba University, Japan. The PM2.5 mass concentration was 
measured by a Tapered Element Oscillating Microbalance (TEOM, Model 1400a, 
Rupprecht & Patashnick Co. Inc.) for 60-min signal averaging. The chemical 
composition of particles, such as chloride, nitrate, sulfate, organic, and ammonium, 
were measured by an Aerodyne Aerosol Chemical Speciation Monitor (ACSM, 
Aerodyne Research Inc.) with a time resolution of 15-min (Ng et al., 2011). 
Aerodynamic lens systems with transmission window in the rage of aerodynamic 
diameter from 40 nm to 1 µm was equipped to the inlet of the ACSM. The SO2 
concentration was measured by an SO2 analyzer (model 43i, Thermo Scientific, 
Inc.) with a time resolution of 1-min.  
A Nano Sampler (model 3180, Kanomax Japan, Inc.) was employed to 
analyze the size-dependent chemical composition (water-soluble ions) of the 
aerosol particles. The Nano Sampler was equipped with four impactor stages for 
PM10, PM2.5, PM1, and PM0.5. Quartz fiber filters (ϕ55 mm, 2500 QAT-UP, Pallflex 
Products Corp.) were placed on the each impactor stage to prevent rebound of the 
particles collected. An inertial filter (stainless steel fiber) was also attached after the 
PM2.5 stage to collect the particles larger than 100 nm via an inertial filtration 
mechanism (Otani et al., 2007). The particles penetrating the inertial filter (<100 
nm in aerodynamic diameter) were collected in a backup quartz filter. The aerosol 
samplings were typically conducted for 7 to 16 hours at a flow rate of 40 L·min-1. 
The samples were prepared in both daytime (typically from 10:00 to 17:00) and 
nighttime (from 17:30 to 9:30), except on rainy days. Once the size-segregated 
aerosol samples on the quartz filter were prepared, the entire samples were carried 
to the laboratory and extracted using ultrapure water by ultra-sonication. The water-
soluble cation (NH4+) and anion (SO42-, NO3-, and Cl-) were analyzed with an Ion 
Chromatograph (IC, model DX-120, Thermo Scientific, Inc.) calibrated using a 
standard solution prepared by the method defined by the National Institute for 
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Environmental Studies (JIS K0127-2013, Japan Industrial Standards Committee 
(JISC), http://www.jisc.go.jp/). The correlation between the size-dependent 
chemical composition of aerosol particles and the mobility-based size distribution 
of nanoparticles, i.e., the NPF, was analyzed. 
 
2.3 Results and discussion 
 
2.3.1 Data overview and meteorological conditions 
Figure 2.1 shows the typical back trajectory of air mass during the observation 
period calculated by the NOAA HYSPLIT model (Draxler and Rolph, 2013). Each 
line in Figure 2.1 (a) represents air mass back trajectory for 48 hours from the site. 
As shown in Figure 2.1 (a), the air mass observed on most observation days had 
been transported over a long distance, originating from the north part of China and 
passing over Korea. The concentration of SO2, one of the likeliest precursors for 
NPF, was typically in the range of a few ppb but sometimes exceeded 10 ppb, 
depending on the wind direction/speed and emission source (to be shown later). The 
PM2.5 concentration was typically less than 20 µg·m-3, but sometimes exceeded 50 






Figure 2.1 (a) Typical 48-hour back trajectories of the air mass for most of 
observation days, (b) vertical direction of the air mass for type-A (the red lines), 
(c) type-B (the green lines), and (d) type-C (the blue lines), calculated by NOAA 
HYSPLIT model at Fukue Island, Japan. 
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Figure 2.2 shows the following overall data from the first observation period 
(February 23 to March 7, 2013): (a) a contour plot of the mobility size distribution, 
(b) total particle concentration (2.5 < Dp < 64 nm), (c) meteorological data (I, T, 
and RH), (d) the PM2.5 concentrations (by TEOM) and mass concentrations of 
chemical components (Cl-, NO3-, SO42-, Org, and NH4+ measured by ACSM), and 
(e) the SO2 gas concentration. The contour plot for this observation period shown 
in Figure 2.2 (a) only plots the values measured by the nano-SMPS (mobility 
diameter of 3 to 60 nm). We tried to measure the larger particle size distribution 
(mobility diameter of 10 to 300 nm, not shown in Figure 2.2) using the Wide Range 
Particle Spectrometer (WPS, model 1000XP, MSP Corp.), but the number 
concentrations measured by the two instruments matched poorly. We therefore 
decided to use the nano-SMPS and long-SMPS in the next two observations periods 
as shown in Figure 2.3 and 2.4.  
 
 
Figure 2.2 Overall data from the first observation period (February 23 to March 7, 
2013): (a) a contour plot of the mobility size distribution (3 < Dp < 60 nm), (b) 
particle concentration (2.5 < Dp < 64 nm), (c) meteorological data (I, T, and RH), 
(d) the PM2.5 concentration and mass concentration of chemical components (Cl-, 




NPF is generally identified by detecting particles of less than 10 nm followed 
by successive particle growth to several tens of diameters in a pattern consistent 
with the so-called ‘banana curve’ (Heintzenberg et al., 2007; Cheung et al., 2011). 
From Figure 2.2 (a), NPF and growth events were identified 8 times in 13 days. The 
NPF and growth were frequently observed on most of the sunny days, and the onsets 
of the NPF were identified mostly at times of peak solar radiation, or around noon 
(Figure 2.2 (c)). As shown in Figure 2.2 (a), most of the NPF events started from 4-
5 nm, which suggests that the particles were nucleated near the observation site. In 
some cases, however, the particle formation was detected only from mobility sizes 
larger than 10 nm. Kim et al. (2013) have reported similarly weak NPF at Jeju Island 
(33.17°N, 126.10°E), where pre-existing particles had a dominant influence. It 
should be noted that their definition of ‘weak’ NPF was different from ours. 
 
 
Figure 2.3 Overall data from the second observation period (November 7 to 20, 
2013), (a) a contour plot of the mobility size distribution (3 < Dp < 600 nm), (b) 
particle concentration (2.5 < Dp < 64 nm), (c) meteorological data (I, T, and RH), 
(d) the PM2.5 concentration and mass concentration of chemical components (Cl-, 




Figure 2.4 Overall data from the third observation period (November 2 to 24, 
2014), (a) a contour plot of the mobility size distribution (3 < Dp < 600 nm), (b) 
particle concentration (2.5 < Dp < 64 nm), (c) meteorological data (I, T, and RH), 
(d) the PM2.5 concentration and mass concentration of chemical components (Cl-, 
NO3-, SO42-, Org, and NH4+), and (e) the SO2 gas concentration. 
 
By comparing the mobility-based data with the PM2.5 concentrations and 
chemical composition (Figure 2.2 (d)), we can glean insight into the influence of 
the long-range air pollutants on the NPF. For example, we can identify remarkable 
increases in the concentration of air pollutants, i.e., transport events, at least three 
times: on February 23, March 4, and 6-7 (Figure 2.2 (d) and (e)). The data on aerosol 
chemical composition on these days indicated nitrate-rich particles on March 4, 
sulfate-rich particles on February 23 and March 6, and significant amounts of co-
existing organic compounds on all three days. We were unable to judge the NPF 
event on the first transport event day (February 23), while a strong NPF event was 
identified on March 4 and a definite absence of NPF events was confirmed on 
March 6 and 7. The 48-hour back trajectories of the air mass on these days are 
marked in Figure 2.1 (a). The air mass of the February 23 event was transported 
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from southeastern Inner Mongolia province, a region of origin for many 
anthropogenic pollutant sources (Wang et al., 2008; Zhang et al., 2009). Similar air 
mass trajectories from industrial areas of the north China region were also predicted 
throughout the campaign period. On the other hand, some of the air masses were 
transported from industrial areas in the coastal region of East China, such as the 
southwest of Shandong province. In particular, the air masses of the March 4 and 6 
events were transported from this region.   
The NPF and growth events were categorized into three types based on the 
field observation data on the mobility size distribution (Figure 2.2, 2.3, and 2.4): 
type-A (strong NPF), type-B (weak NPF), and type-C (non-NPF). Figure 2.5 shows 
typical data of the daily change in the mobility size distribution of these three types. 
Type-A represents a strong NPF event starting from a mobility diameter in the sub-
10 nm range with successive growth to several tens of nanometers (Figure 2.5 (a)). 
An NPF event was categorized as type-A when the number concentration of 
nanoparticles, dN/dlogDp, in the mobility diameter range of 2.5-10.2 nm exceeded 
104 cm-3. It should be noted that this critical value of 104 has small effect on the 
classification results on the types of NPF. As shown in Figure 2.5 (a), the data from 
February 24, 2013, exhibited a clear ‘banana shape’ growth curve, starting from a 
mobility diameter of 4-5 nm. On the other hand, we detected no clear initial particle 
formation process (<10 nm) in the case of type-B. As Figure 2.5 (b) shows, the 
particle growth started from a mobility diameter range of about 10-20 nm and 
continued until midnight. The event on November 11, 2013, for example, started at 
around noon, slightly later than the type-A events, and was also followed by 
successive growth. An event was categorized as type-B when the particle number 
concentration between 10.2 to 20.2 nm exceeded 104 cm-3. In addition, a high 
particle number concentrations (>10,000 cm-3) were identified on both days in 
Figure 2.5 (a) and (b). A day on which no type-A or type-B event was observed, 
that is, a day without any detectable formation or growth, such as March 7, 2013 
(see Figure 2.5 (c)), was classified as a type-C event. Type-C events took place 34 
times over the 50-day observation period (68%). Note, also, that sufficient amounts 
of precursor (SO2 > 1 ppb) and levels of sunlight (peak solar radiation > 600 W·m-




Figure 2.5 Daily change in the mobility size distribution for typical three cases, (a) 
strong NPF event starting from sub-10 nm (type-A), (b) weak NPF event starting 
from > 10 nm (type-B), and (c) non-NPF event (type-C). 
 
The particle growth rate is generally one of the most important indicators of 
the condensation and coagulation process (Pirjola et al., 1999; Kulmala et al., 2001; 
Dal Maso et al., 2005). The particle growth rate in type-A events during the entire 
campaign ranged from 1.9 to 6.3 nm·h-1. This range was close to the rates measured 
in the Gosan Climate Observatory (GCO, 1.1-8.6 nm·h-1 and 2-5.8 nm·h-1) and 
Korean Global Atmosphere Watch Center (KGAWC, 2.2-5.6 nm·h-1) of Korea 
(Song et al., 2010; Kim et al., 2013), but smaller than the rate measured by Mäkelä 
et al. (2000) at a boreal forest site in Hyytiӓlӓ, southern Finland (1-17 nm·h-1) and 
slightly smaller than the rates measured by Jung et al. (2013) at an urban site and a 
deciduous forest site in Sapporo, northern Japan (5-7.8 nm·h-1). Although we were 
unable to obtain enough data to evaluate the difference between type-A and type-
B, the particle growth rate on type-B event days ranged from 2.0 to 5.5 nm·h-1, 
which was similar to the range measured on type-A event days. 
The growth rate in the East Asian rural island was influenced not only by the 
condensation process, but also pollution levels and the direction and speed of the 
wind. To analyze the wind effect, the 48-hour back trajectory shown in Figure 2.1 
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(a) was also marked by color as type-A (red lines), type-B (green lines), and type-
C (blue lines). In the case of the type-A event, the relatively strong northwesterly 
wind with the speed of ~40 to 60 km·h-1 was calculated from the back-trajectory 
analysis. Figure 2.1 (b) also shows the result of back-trajectory analysis in the 
vertical direction on type-A event days. Most of the air mass on type-A event days 
came from the lower troposphere (<3.5 km) over a long distance (>1,800 km). 
Based on the daily weather map provided by the Japan Meteorological Agency 
(http://www.data.jma.go.jp/fcd/yoho/hibiten/), the type-A events frequently took 
place under the high-pressure condition (typical winter-type pressure patterns were 
shown in Figure 2.6). Such pressure patterns are often seen after facing the passage 
of a frontal system (Figure 2.7) and the air pollutants might be transported to the 
downstream area by the northwesterly descending currents. Similar correlations 
between weather and the NPF events were also reported at Jeju Island (about 240 
km from our site) reported by Kim et al. (2013, 2016). The strong NPF and growth 
(type-A) were thus determined to have taken place during long-range transport by 
northwesterly descending currents, which might have affected the growth rate 
measured at the site (fixed position). We could not judge a clear difference between 
type-A and -B on the horizontal trajectories (Figure 2.1 (a)), but the air masses came 
from the planetary boundary layer (~1 km) in some of the type-B events (Figure 2.1 
(c)). As mentioned previously, type-A and -B events might be closely related with 
the frontal passage. Some studies in the East Asia have reported that NPF generally 
observed after passing the rain front (Kim et al., 2013 and 2016). As shown in 
Figure 2.7, the most of the type-A were identified by high pressure on sunny days. 
However, some of the type-B was identified even in the relatively low-pressure 
days (mostly cloudy day), suggesting that these NPF events took place at the 
upstream, and/or high altitude region. Kim et al. (2014) also reported that the NPF 
and growth took place even under the cloudy conditions at the GCO site. On the 
other hand, in the case of type-C, almost half of the air masses came from the 





Figure 2.6 Daily weather map provided by the Japan Meteorological Agency for a 
few case on type-A and -B. 
 
The precursor concentration is another important factor affecting NPF and 
growth. SO2 is one of the most likely precursors of new particles due to the 
homogeneous nucleation of H2SO4, which forms in the oxidation of SO2 (Kulmala 
2003; Sipilä et al., 2010). The SO2 concentration ranged from 1.6 to 4.2 ppb for 
type-A events, from 0.2 to 8.9 ppb for type-B, from 0.2 to 2.6 ppb for type-C, and 
from 0.2 to 8.9 ppb throughout the whole campaign period. The next section will 
discuss the correlations of NPF event types with the SO2 concentration and the 





Figure 2.7. Daily data of rainfall and pressure during three observation periods: a) 
Feb. 23 to Mar. 7, b) Nov. 7 to 20, 2013, and c) Nov. 2 to 24, 2013. Noted that 
type-A and -B were marked by red and green rectangle. Meanwhile, type-C was 
unmarked. 
 
2.3.2 Factors affecting NPF events 
Figure 2.8 plots the daily peak values of solar radiation against corresponding 
SO2 gas concentrations at times of peak solar radiation (around noon for type-A and 
around 13:00 to 14:00 for type-B). As the plots show, the data points were identified 
mostly at solar radiation levels above 600 W·m-2 (42 out of 50 days). This critical 
value of 600 W·m-2 was used from the average solar radiation of all type-A and -B 
days (759 W·m-2) and its standard deviation (145 W·m-2). The photochemical 
processes of SO2 gas are well recognized as the likeliest drivers of NPF and growth 
(Birmili and Wiedensohler, 2000; Yu, 2010). OH radicals caused by solar radiation 
(Rohrer and Berresheim, 2006) have been identified as primary chemical agents in 
the process of SO2 photo-oxidation. Almost 90% of the NPF and growth events 
(type-A and type-B) in the Fukue site, for example, were identified under high-
solar-radiation conditions (>600 W·m-2). In particular, all of the type-A events were 
identified by high solar radiation, though the onsets of some of the NPF events took 
place under relatively low SO2 concentrations (<1 ppb). Note that the daily-
19 
 
averaged SO2 concentrations ranged from 1.6 to 4.2 ppb for type-A events and from 
0.2 to 8.9 ppb for type-B. Song et al. (2010) reported a similar SO2 concentration 
in the range of 1 to 6 ppb at the Gosan Supersite. A slight difference was identified 
for type-B. Some of the type-B events were observed at peak solar radiation levels 
lower than 600 W·m-2, suggesting that the onset of the NPF event might take place 
in the upstream region (also see Figure 2.1 (c)). As seen in Figure 2.8, the solar 
radiation and SO2 concentration have some correlation with NPF and growth (type-
A and type-B), but about 50% of the non-NPF events (type-C) were identified under 
high-solar-radiation conditions and on high-SO2-concentration days. This may have 
been a consequence of other factors suppressing NPF, such as pre-existing particles 
acting as condensation sink. 
 
 
Figure 2.8 Daily peak values of solar radiation against corresponding SO2 gas 




Zhang et al. (2012) and Kulmala et al. (2014) reported an inhibition of NPF 
and growth by the presence of pre-existing particles. Figure 2.9 plots the daily-
averaged PM2.5 concentration (measured by TEOM) against the daily-averaged SO2 
concentration on days with peak solar radiation over 600 W·m-2. Later in the paper 
we will discuss NPF events on two specific days with SO2 concentrations exceeding 
4 ppb (March 4, 2013 and November 8, 2013). Each marker represents the 
difference of the type of NPF event. The higher time resolution plots of the 1-hour 
averaged data of Figure 2.9 is available in Figure 2.10, and it shows almost same 
trends as Figure 2.9. As Figure 2.9 clearly shows, the PM2.5 concentration is almost 
linearly correlated with the SO2 gas concentration. In addition, the type-A events 
were more frequently observed on days with higher SO2 gas concentrations (>1.5 
ppb) than the type-B-event and non-event days (<2 ppb).   
 
 
Figure 2.9 Daily-averaged PM2.5 concentration against the daily-averaged SO2 
concentration on a days with peak solar radiation over 600 W·m-2.
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The condensation sink (CS) is used as an indicator for estimating the effects 
of pre-existing particles on the suppression of NPF (Pirjola et al., 1999; Kulmala et 
al., 2001; Dal Maso et al., 2002). Bae et al. (2010) investigated the effects of the 
CS and PM2.5 concentration on the NPF in detail. Their investigation revealed a 
higher number concentration of newly formed particles in conjunction with a low 
PM2.5 mass concentration at a rural site near New York, USA. Yet the same study 
also identified a weak correlation between PM2.5 and the CS. The CS values at our 
site were estimated to be 1.1 to 2.5×10-2 s-1 for type-A events, 0.3 to 2.9×10-2 s-1 for 
type-B, and 0.2 to 2.3×10-2 s-1 for type-C. Hence, the CS values were in almost the 
same range regardless of the type of NPF. Here we should note that the CS values 
were calculated from the WPS data (1st observation period, 10.4 to 294.4 nm) and 
long-SMPS data (2nd and 3rd observation periods, 12.6 to 552.3 nm). Recalling 
that the WPS data matched poorly with the data from the nano-SMPS, as mentioned 
earlier, we speculate that the CS values for the first period contain error. The CS 
values were similar to the previous measurements at the same site (0.2 to 2.0×10-2 
s-1, Seto et al., 2013), as well to the measurements reported by Bae et al. (2010), 
Song et al. (2010), and Kim et al. (2013). In particular, Kim et al. (2013) reported 
a weak correlation between the CS value and NPF type at Jeju Island (around 240 
km from our site). The CS value at our site was higher than values measured in 
clean environments and lower than the values measured in polluted areas (Kulmala 
et al., 2005; Wu et al., 2007). This confirms that PM2.5 has a major effect in 
suppressing the NPF. Meanwhile, the CS might be unsuitable for estimating the 
influence of pre-existing particles on NPF at our site (a rural island located in the 
outflow region of the East Asian plume) due to limited the utility of CS for this 
estimation is the size range of the CS calculation (<552 nm), which is lower than 





Figure 2.10 Hourly-averaged PM2.5 concentration against the hourly-averaged SO2 
concentration on a days with peak solar radiation over 600 W·m-2. Noted that the 
data points of two special cases (Mar. 4 and Nov. 8, 2013) were not plotted. 
 
Analysis of the particle composition is useful for investigating the magnitude 
of the photo-oxidation and heterogeneous reaction during the transport. Figure 2.11 
shows the daily-averaged SO42- mole concentration against the corresponding daily-
averaged SO2 concentration on high-solar-radiation days (>600 W·m-2). The SO42- 
values were obtained from the ACSM data (aerodynamic particles of 40 nm to 1 
µm). As Figure 2.11 shows, most of the data points of the type-A event were located 
below the solid line (SO42-:SO2 = 1:1). This confirmed that the strong NPF events 
stemmed from a sufficient amount of gaseous precursor (SO2) unconverted to the 
particle phase (sulfate). A slight difference was identified for the type-B and type-
C events located mostly beyond a 1:1 relationship, indicating that most of the sulfur 
was in the particle phase. Therefore, the photochemical events on the type-B and 
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type-C event days might have taken place in the upstream region before reaching 
the Fukue site.  
 
 
Figure 2.11 Daily-averaged SO42- mole concentration against the corresponding 
daily-averaged SO2 concentration on high-solar-radiation days (>600 W·m-2). 
 
The photo-chemically generated sulfuric acid reacts with ammonium or 
amines (Bzdek and Johnston, 2010; Ge et al., 2011), abundant species in the 
atmosphere. The resulting neutralization reaction produces low-volatile products in 
the form of ammonium sulfate (Hatakeyama et al., 2004; Yum et al., 2007) and 
aminium sulfate (Smith et al., 2010), both of which usually appear in the secondary 
aerosol. As such, analysis of the chemical components of the particles sheds some 
light on the neutralization process, that is, the chemical equilibrium. Figure 2.12 
shows the daily-averaged SO42- concentration (doubled) against the corresponding 
daily-averaged NH4+ concentration on a day when the peak solar radiation exceeded 
600 W·m-2. We collected these concentration values from ACSM measurements. 
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The solid line in Figure 2.12 represents a 1:1 relationship between 2SO42- and NH4+ 
corresponding to the neutralization product of (NH4)2SO4 in the particles. Most of 
the data points in Figure 2.12 are plotted near the solid line, which shows that the 
two species were almost in balance. This balance might have been the result of 
photochemical events and the neutralization process during the transport of 
pollutants. Meanwhile, the data points for the type-A (red circle) and type-B (green 
triangle) events appeared in the presence of low 2SO42- and NH4+ concentrations of 
less than 14×10-8 mol·m-3, except on March 4 and November 8, 2013 (to be 
explained in the next section). Although some of the type-C data points were 
identified in the same range as the other types, the 2SO42- and NH4+ concentrations 
(>14×10-8 mol·m-3) measured for more than half of the type-C events (non-events) 
were clearly higher than the concentrations measured for the type-A and type-B 
events. In contrast, as previously mentioned (Figure 2.9), all of the type-A data 
points appear in the presence of sufficient precursor (SO2 > 1.5 ppb) compared to 
type-B and type-C (<2 ppb). This tendency suggests that the photochemical events 
in the type-C events had already taken place in the upstream region, and that the 
resulting products (sulfates) had already been converted to the particle phase. In 
fact, the PM2.5 concentration was higher in type-C events than in type-A and type-
B events, as previously mentioned. Note that the 2SO42- concentration in the type-
C events was about 30% higher than –therefore out of balance with– the NH4+ 
concentration. This unbalanced chemical composition might have arisen from a 





Figure 2.12 Daily-averaged SO42- concentration (doubled) against the 
corresponding daily-averaged NH4+ concentration on a day when the peak solar 
radiation exceeded 600 W·m-2. 
 
NOx is another important gaseous species in the atmosphere with a significant 
role in the atmospheric photochemical process (Jenkin and Clemitshaw, 2000), and 
gaseous NOx might have some influences on the concentration of atmospheric 
nanoparticles through direct and/or indirect processes. Figure 2.13 shows the daily-
averaged NO3- mole concentration against the corresponding daily-averaged 
gaseous NOx concentration on high-solar-radiation days (>600 W·m-2). The NOx 
gas concentration measurements were obtained from an NO-NO2-NOx Analyzer 
(model 42i, Thermo Scientific Inc.). NO3- mole concentrations were also obtained 
from the ACSM data. As seen in Figure 2.13, most of the data points were identified 
in the form of the gas phase (NOx) rather than in the particle phase (NO3-), probably 
due to the high vapor pressure of nitric acid. In addition, particulate nitrates tend to 
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be involved in coarse particles larger than the measureable size range of the ACSM 
(PM1; also see the next section). 
 
 
Figure 2.13 Daily-averaged NO3- mole concentration against the corresponding 
daily-averaged gaseous NOx concentration on high-solar-radiation days (>600 
W·m-2). 
 
We should note that the mole concentration of NO3- was much lower than the 
mole concentration of SO42- (Figure 2.12). These tendencies imply that nitric acid 
might have influenced the NPF only indirectly, as was demonstrated with sulfuric 
acid. We can speculate, however, that the NPF may have reflected the oxidation 
state of the atmospheric gaseous species. In fact, the type-A data points appeared in 
the presence of a relatively higher NOx concentration (>3.2×10-8 mol·m-3) than the 
type-B and type-C data points, suggesting that a significant photochemical process 
took place on those days. In the indirect process, the balance of gaseous NOx and 
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particulate nitrates may correlate with other reactive intermediate species known to 
influence the photochemical reaction of SO2, such as O3 and/or OH radicals. NOx 
might be converted into nitric acid (HNO3) and nitrates (NO3-) through several 
pathways such as: (i) the heterogeneous formation of nitrate via dinitrogen 
pentoxide (N2O5) and nitrate radical (NO3), (ii) reaction with OH radicals, or (iii) 
decomposition into PAN (C2H3NO5) (Han and Song, 2012; Walters and Michalski, 
2015). In the next section, we will also discuss the very high concentrations of NO3- 
and NOx observed on March 4, 2013.  
 
2.3.3 Large-scale transport of air pollutants observed on March 4 
and November 8, 2013 
Figures 2.14 show pick-up data on the time variation of atmospheric species 
on November 8 (type-A) and March 4 (type-B), 2013. We identified large-scale 
transport events associated with the NPF on those two days. Based on the back 
trajectory of air mass calculated by the NOAA HYSPLIT model (Figure 2.1 (a)), 
the air mass of November 8 came from the coal industry near Shanxi province 
(~1,800 km in 48 hours) in the northwest part of China. Meanwhile, the air mass of 
March 4 was transported over a slightly shorter distance (~1,350 km in 48 hours) 
from the industrial area in the coastal region of East China (southwest of Shandong 
province). As shows in Figure 2.6 (f), on November 8, Fukue site was in the high 
pressure region located in the north part of Korea (1028 hPa, based on the daily 
weather map provided by the Japan Meteorological Agency). Such condition (fine 
day) might be suitable for strong NPF event. In contrast, as shown in Figure 2.6 (d), 
on March 4, we identified the low pressure (around 1010 hPa) during the NPF event 
at Fukue site.  
Figure 2.14 (a) is a contour plot of the mobility size distribution measured on 
November 8 by the SMPS with long-DMA (size range: 60 < Dp < 600 nm) in 
addition to the distribution measured by the nano-SMPS (size range: 3 < Dp < 60 
nm). The nano-SMPS data were lost for a few hours of this day. The data from the 
WPS (size range: 60 < Dp < 300 nm) were used on March 4 (Figure 2.14 (b)). 
Because the WPS data and nano-SMPS data matched poorly, as previously 
mentioned, we divided the concentration measured by the WPS by a factor of 2.5 
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to display the temporal variation of the size distribution. As clearly seen in Figure 
2.14 (a), particles with a mobility diameter of around 70 nm, i.e., Aitken mode 
particles, were identified with a concentration (dN/dlogDp) of more than 104 cm-3 
at around 10:00 on November 8, and this concentration persisted until midnight. A 
similar increase in the Aitken mode particles (about 100 nm) was identified at 
around 11:00 on March 4 (Figure 2.14 (b)). However, the significant difference in 
particle concentration (2.5 < Dp < 64 nm) was identified in Figure 2.14 (c) and (d). 
It suggests that the nucleation rate was suppressed by the pre-existing particles 
larger than Aitken mode on March 4.  
 
 
Figure 2.14. Contour plot of mobility size distribution, the particle concentration 
(2.5 < Dp < 64 nm), the mass concentration of chemical components (Cl-, NO3-, 
SO42-, Org, and NH4+), and the SO2 and NOx gas concentration of large-scale 
transport of air pollutants associated with the NPF on November 8 and March 4, 
2013. 
 
Table 2.1 summarizes the data on atmospheric species and growth rates of 
nanoparticles. As previously mentioned, the high mass concentrations of PM2.5 
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(>30 µg·m-3) and gaseous pollutants were detected on both days, March 4 and 
November 8, 2013. The PM2.5 concentrations in these two cases were clearly higher 
than those measured on type-A and -B days. A significant increase in SO2 
concentration was also identified in these two cases. Note that a significant 
difference can be found in the NOx and nitrate concentrations between the two days, 
probably due to differences in the sources and histories of the air masses. The SO2 
and NOx concentrations both fluctuated, as shown in Figure 2.14 (f). This variation 
in the gaseous pollutant concentrations seemed to synchronize with the fluctuation 
of the particle mass concentrations measured by ACSM, and also with the mobility 
spectrum.  
 
Table 2.1 Concentrations of atmospheric species and the growth rate of 
nanoparticles. 
Parameters 
Type-A  Type-B  
Average  Std. 
Dev. 





3.3 1.2 6.3 2.9 0.9 5.5 
PM2.5 (µg·m-3) 14.7 7.5 33.5 10.5 2.8 30.7 
SO2 (ppb) 2.3 0.8 4.2 0.8 0.4 8.9 
NOx (ppb) 2.1 0.6 0.8 0.7 0.6 4.2 
 
The NPF and growth were also identified on November 8 and March 4 in 
association with the long-range transport of air pollutants. A remarkable rise in the 
concentration (>104 cm-3) was detected on November 8 at around 11:00, for 
example, and the concentration remained high until midnight (Figure 2.14 (a)). This 
event was categorized as type-A (strong NPF). In contrast, the NPF event on March 
4 was categorized as relatively weak (low concentration of nanoparticles), that is, 
type-B. The NPF was initially detected at around noon, but the growth did not 
continue until the evening.  
As previously mentioned, we observed high SO2 concentrations on both days 
(Table 2.1), hence the concentration of precursor was considered sufficient for the 
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NPF event. On the other hand, as seen in Figure 2.3 (b), high solar radiation (>600 
W·m-2) was measured at 10:20 to 13:30 on November 8, while the solar radiation 
fluctuated somewhat on March 4 due to a partly cloudy sky (10:00-12:30, see Figure 
2.2 (b)). Therefore, a possible reason for the weaker NPF event detected with the 
time delay on March 4 was an insufficient photochemical process near the site. 
Some of the special features of a large-scale transport event were also identified on 
March 4. As Figure 2.9 and Table 2.1 show, the highest SO2 concentration (8.9 ppb) 
and a high PM2.5 concentration (30.7 µg·m-3) appeared on March 4. Yet the sulfate 
mass concentration in the particle phase was neither high (Figure 2.11) nor balanced 
with ammonium (Figure 2.12). In contrast, a very high nitrate mass concentration 
was detected over the same period (Figure 2.13). The air mass on March 4 was 
transported over a relatively short distance originated from a polluted area (Figure 
2.1 (a)) with a relatively low altitude boundary layer (~1 km, see Figure 2.1 (c)). It 
therefore seems that the strong and direct anthropogenic emission might have 
influenced the concentration of pollutants on March 4.  
To investigate the chemical composition of particulate matter in more detail, 
the size-segregated samples of PM10, PM2.5, PM1, PM0.5, and PM0.1 were prepared 
using the Nanosampler. The particles in the specific size ranges were collected on 
quartz filters using an inertial impactor except for the PM0.1. The cut-off for PM0.1 
was performed by an inertial filter (Otani et al., 2007). The sampling times were 
9:30 to 16:25 on November 8 and 10:00 to 17:30 on March 4. The samples were 
carried to the laboratory and extracted with ultrapure water. The mass 
concentrations of NH4+, SO42-, NO3-, and Cl- were determined by an Ion 
Chromatograph (IC). Figure 2.15 shows the mass concentration of each component 
at the specific size range. As the figure illustrates, a high concentration of NO3- 
appeared on March 4, as measured by ACSM. The mass-based size distribution 
measured by the Nanosampler on November 8 had two peaks at 0.5-1 µm and 2.5-
10 µm. On the other hand, a monomodal distribution was observed with a peak size 
of around 0.5-1 µm on March 4. Note that the NO3- was involved in all of the size 
ranges on March 4. In contrast, NO3- was localized to the larger size on November 
8, probably because of the evaporation-condensation process during long-range 
transport (Yao et al., 2003; Takami et al., 2005; Zhang et al., 2008; Kim et al., 2009). 
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Consequently, the special features observed on March 4 might have originated from 
highly polluted emissions transported by the strong west wind (~28 km·h-1 
predicted from the back-trajectory analysis).  
 
 
Figure 2.15 Water-soluble cation (NH4+) and anion (SO42-, NO3-, and Cl-) 




We reported data on the time-dependent variation of mobility size 
distributions (>2.5 nm), the concentrations of PM2.5 and gaseous pollutants (SO2 
and NOx), and the chemical composition of atmospheric aerosol at Fukue Island 
(32.8ºN, 128.7ºE), Japan. The data were collected during an atmospheric 
observation campaign divided into three periods: February-March 2013, November 
2013, and November 2014. Frequent NPF and growth events (16 events in 50 days) 
were identified. The NPF events were classified into two types (A and B) based on 
the initially detected particle sizes. Most of the type-A events were identified with 
onset diameters as small as 5 nm followed by successive growth to several tens of 
nanometers. For type-B events, particle growth was only observed from a diameter 
of around 10 nm. We analyzed the effects of the pre-existing particles (PM2.5) and 
gaseous pollutants (SO2 and NOx) on the types of NPF and growth based on the 
observation data. Type-A events took place under a high concentration of SO2 (>1.5 
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ppb) and low concentrations of sulfates in the particle phase. A relatively high 
concentration of NOx of around 2 ppb was measured on type-A event days, possibly 
due to the strong photo-oxidation processes. Type-B days, meanwhile, were marked 
by lower solar radiation and/or lower precursor (SO2) concentrations. The 
photochemical events on type-B days might have taken place in the upstream, high-
altitude region before entering the Fukue site. 
Two specific long-range-air-pollution-transport events were observed in 
conjunction with the NPF on November 8, 2013 (type-A) and March 4, 2013 (type-
B). Remarkable increases were identified in the concentration of Aitken mode 
particles, the PM2.5 mass (over 30 µg·m-3), and the concentrations of gaseous 
pollutants on both of these days. Thus, the anthropogenic plumes originating from 
the East Asian region covered an enormous area and influenced the NPF events 





AERIAL OBSERVATION OF ATMOSPHERIC 
NANOPARTICLES IN FUKUE ISLAND, JAPAN 
 
3.1 Introduction 
From the previous chapter, the long-range transport of polluted air were 
observed in Fukue Island, Japan, in conjunction with the new particle formation 
(NPF). We detected the freshly-formed nanoparticles as small as 4-5 nm in the 
ground based station, Fukue site, with the altitude of the site is 80 m.a.s.l. However, 
for some case, we identified no clear initial particle formation processes (<10 nm). 
It seems that the photochemical processes might have taken place in the upstream, 
high-altitude region before entering the site.  
The aerial observation was conducted for the first time over Bo Hai, China 
(Hatakeyama et al., 2005). The gaseous pollutants such as O3, SO2, and NOx were 
observed within the boundary layer using the aircraft. Hatakeyama et al. (2014) 
reported the vertical structure of atmospheric pollutants below 3000 m over 
northern part of the East China Sea, also using the aircraft. They identified the high 
concentration of SO2 as well as chemical components in the low altitude (<1000 m) 
on the day of dust and anthropogenic pollutants event. 
Recently, many researcher used unmanned aerial vehicles (UAVs) to 
investigate the atmospheric aerosols in different layer. Pistone et al. (2016) use 
UAVs to observe correlations between aerosol and cloud properties in Maldives. 
Their airplane was equipped by BC monitor and CPC as well as meteorological 
instruments (T, RH). Schrod et al. (2017) was observed ice nucleating particles also 
using unmanned aircraft system. They measured the size distribution of 
atmospheric aerosols with particle size ranging between 0.3 to 10 µm. Telg et al. 
(2017) reported in situ measurement of atmospheric aerosols using UAVs. They 
developed miniaturized aerosol instruments which consist of printed optical particle 
spectrometer (particle size ranging from 150 to 2500 nm), photometer, temperature 
and relative humidity. 
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In order to investigate the atmospheric layers of freshly-formed nanoparticles, 
we conducted aerial observation in Fukue Island, Japan, ~3.7 km from the ground 
based station (Figure 3.1). The intensive observation was carried out in 4-days (Apr. 
13-16, 2017) using the unmanned radio-controlled airplane, “Kite Plane” (Sky 
Remote Co. Ltd.). The kite-plane can fly as high as 3500 m.a.s.l. with the maximum 
speed up to 35 km/hour and carry the payload with the weight up to 5 kg (Yamashita 
et al., 2005). In the early step, we observed the concentration of atmospheric 
nanoparticles starting from 6 nm with the altitude up to 1200 m.a.s.l. Noted that the 
altitude in the Fukue site is 80 m. 
 
 
Figure 3.1 Aerial Observation of atmospheric nanoparticles in Fukue Island, Japan 
(~3.7 km from the Fukue site). 
 
The particle number concentration (PNC) was measured by Water-CPC 
Model 3781 (TSI, Inc.; Figure 3.2 (a)) with time resolution of 2-sec. This low-cost 
WCPC uses water as condensing fluid to enlarge particles for easy detection by an 
optical detector. That instruments was carried out by kite-plane which is provided 
by Prof. M. Hayashi’s group (Fukuoka Univ.; Figure 3.2 (b)). The kite-plane can 
be controlled manually and automatically. The kite-plane was also equipped by 
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Figure 3.2 (a) CPC Model 3781 (TSI, Inc.) and (b) kite-plane (Fukuoka Univ.). 
 
3.2 Laboratory and ground based test 
 
3.2.1 Laboratory test 
In the laboratory, we tested the performance of CPC-3781 using Ag particles 
(generated by electrical furnace) and compared to CPC Model 3775 data. The 
experimental setup was shown in Figure 3.3. We determined the temperature of the 
electric furnace to generate particles with a specific size distribution. As a result, 
the poly-disperse of Ag particles with flowrate of 1.5 l/min. introduced to Am-241 
as charger/neutralizer. DMA-3085 was used to select appropriate size of particles 
starting from 2 to 20 nm.  
 
 
Figure 3.3 Experimental setup in the laboratory. 
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The mono-disperse particles were detected by CPC-3775 and CPC-3781 
simultaneously with the flow rate 0.3 l/min. and 0.6 l/min respectively. In the case 
of CPC-3781, only 0.12 l/min. samples were introduced into the chamber and then 
counted by Optical Particle Counter (OPC) as shown in Figure 3.4. We used 
ultrapure water in the water resource as a working fluid. 
 
 
Figure 3.4 Schematic diagram of CPC Model 3781 (TSI, Inc.). 
  
Figure 3.5 shows the results of comparison data between CPC-3781 and CPC-
3775. The particle size distribution with the peak of size is ~6 nm and ~7 nm were 
generated under the temperature of 940 °C and 960 °C and marked by red and blue 
triangle respectively. The black line shows the ratio of 1:1 between two measured 
data. As clearly seen in this figure, the PNC measured by CPC-3781 was lower than 
measured by CPC-3775. At 940 °C, CPC-3781 detected the peak of concentration 
as high as 194.5 cm-3 at particle size of 6 nm. It was almost 19 times lower than the 
concentration detected by CPC-3775. At 960 °C, ~23% particle sizes of 7 nm can 
be detected by CPC-3781 compared to measured data by CPC-3775. Overall, CPC-
3781 can detect the number of particles starting from >5 nm. Noted that 50% 
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Figure 3.5 Comparison data between CPC-3781 and CPC-3775. 
 
3.2.2 Ground-based test 
We checked the system at the Fukue site before aerial observation. As shown 
in Figure 3.6 (a), we put CPC-3781 at the rooftop, near the ground base station of 
Nano-SMPS’s sampling line. The PNC as a function of time (local time (JST), 
08:00 to 16:00 JST; Apr. 12, 2017) can be seen in Figure 3.6 (b). The data were 
extracted from various instruments. CPC-3781 (red line), 1nm-SMPS (pink line), 
nano-SMPS (purple line), and long-SMPS (blue line) can detect the particle number 
concentration Dp > 5 nm, 1< Dp < 30 nm, 2.5 < Dp < 60 nm, and 14< Dp < 600 nm 
respectively. In the first trial, we put HEPA filter on the CPC-3781’s inlet and then 
the PNC goes to zero. When we disconnected that filter, therefore, the data was 
going back to the same trend with 1nm-SMPS and nano-SMPS. It seems that the 
trend of CPC-3781 data was closed to the data from 1nm-SMPS as well as nano-
SMPS. Figure 3.6 (c) is a contour plot of mobility size distribution from SMPSs 
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data (1nm-SMPS, nano-SMPS, and long-SMPS). In this day, we have a clear NPF 
under Aitken mode particles around 100 nm. It suggested that the source of PNC is 




Figure 3.6 (a) CPC-3781 at the rooftop; (b) Particle number concentration; and (c) 
contour plot of mobility size distribution (Apr. 12, 2017). 
 
In order to be carried by kite-plane, our portable instrument was modified to 
be fit physically and could be running under certain condition. Physical dimension 
as well as the weight are limited (25 (H) x 23.2 (W) x 40 (D) cm and weight <5 kg 
respectively). To avoid the vibration from the kite-plane, we used alpha-gel 
between wood and aluminum plate. We also used Lithium-Polymer battery that it 




Figure 3.7 Emission test (measured by CPC Model 3781 with different positions). 
 
In Figure 3.7, the emission test was performed in the ground. The peak of 
emission is around 2.5 x 105 cm-3 near and close to the exhaust of kite-plane. Noted 
that CPC-3781 could count the PNC up to 5 x 105 cm-3. No significant number of 
particles besides and in front of the kite-plane. Therefore, the emission has no 
significant influence to the measurement itself. It also should be considered that the 
aerial observation was influenced by wind speed/direction as well as other 
meteorological parameters and the concentration of gaseous pollutants and 
particulate matter. 
 
3.3 Method of aerial observation 
The kite-plane was planned to flight in the area of ~750 x 1300 m (Figure 
3.8). In this campaign, the permission of altitude from the local government is up 
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to 1.2 km with maximum flight is 3 times per day. Noted that the kite-plane can fly 
as high as 3.5 km in the altitude.  
 
 
Figure 3.8 Aerial observation area. 
 
Figure 3.9 is the examples of trajectory in altitude direction of the kite-plane 
during aerial observation period. Overall, we performed a total of 10 flight 
including 1 time for test flight without CPC (no measurement). In the next chapter, 
we will discuss the observation results based on: (1) event day; (2) origin of the air 





Figure 3.9 Examples of trajectory in altitude direction of the kite-plane during 
aerial observation period (Apr. 13-16, 2017). 
 
3.4 Results and discussion 
 
3.4.1 Case 1: Event day (Apr. 13, 2017) 
In the first day (Apr. 13, 2017), we conducted 3 times of test flight. The kite-
plane was flighted in spiral pattern both ascending and descending. The first flight 
in the morning is only for the kite-plane (without measurement). In the next two-
flight, we put our CPC-3781 into the kite-plane to measure the PNC. Figure 3.10 
(a) and (b) show the PNC (N, marked by color map) as a function of space (x, y, z) 
in the noon (~11:55-12:35 JST) and the afternoon (~15:00-15:40 JST). The high 
concentration of particles (>104 cm-3) in both event were observed below 800 m in 
altitude. No significance number of particles in the high altitude (>800 m), except 





Figure 3.10 Particle number concentration as a function of space in the event day 
(Apr. 13, 2017): (a) noon (~11:55-12:35 JST) and (b) afternoon (~15:00-15:40 
JST). 
 
Figure 3.11 (a) is PNC (x-axis) as a function of height (y-axis) around noon. 
The red and blue line are the time of kite-plane for climbing and descending 
respectively. As clearly seen in this figure, the PNC was reached 3.5 x 104 cm-3 with 
the peak is at ~400 m in the altitude. The relative humidity at the peak of 
concentration reached ~60% as shown in Figure 3.11 (b). Meanwhile, the 
temperature tend to decrease with increasing height. The boundary layer around 
800 m was identified in this period.  
The similar trend and peak of PNC were also measured in the afternoon but 
with the peak of concentration is around 1.2 x 104 cm-3 (Figure 3.11 (c)). However, 
in the high altitude (> 800 m), the PNC reached 6,000 cm-3. It was contrast to the 
PNC in the noon when the number of particles is around 2,000 cm-3. It seems that 
the condensed vapors tend to evaporate particle surface in the low of RH 
(Tsagkogeorgas et al., 2016). The slight different of boundary layer in the afternoon 





Figure 3.11 Particle number concentration ((a) and (c)) and meteorological 
condition ((b) and (d)) in the event day (Apr. 13, 2017). 
 
Figure 3.12 (a) shows PNC (N; red, pink, purple, and blue line) and the height 
(z; black line) as a function of time. We compared the PNC data from CPC-3781 
and SMPSs data. Noted that the SMPSs data were located around 3.7 km from the 
aerial observation in the altitude of 80 m. In the low altitude (<100 m) around noon, 
the CPC-3781 was similar with 1nm-SMPS data. In the high altitude, the trend was 
similar with the long-SMPS data, except in the afternoon. Noted that the 1nm-
SMPS and the long-SMPS data was not shown after 12:30 JST and between 11:15 
and 14:00 JST respectively due to technical problem. Slight difference of trajectory 
was planned for both aerial measurement (black line). Each test flight was 
performed in around 40 min. Figure 3.12 (b) shows the contour plot of mobility size 
distributions based on SMPSs data. Clear banana was seen starting from around 
09:00 and continue until afternoon under Aitken mode particles around 100 nm. It 





Figure 3.12 (a) Particle number concentration and height as a function of time and 
(b) contour plot of mobility size distributions in the event day (Apr. 13, 2017). 
 
Figure 3.13 (a) and (b) show the evolution of particle number concentration 
(dN/dlogDp) and the concentration of surface area (dS/dlogDp) from SMPSs data 
starting from 08:00 every 1-hour. At 08:00, dN/dlogDp was mono-modal 
distribution with the peak distribution at around 100 nm. Meanwhile, the peak 
distribution of dS/dlogDp is at 200 nm. At 09:00, we found that dN/dlogDp was 
bimodal distribution at the peak of 3-4 nm with the concentration reached 3000 cm-
3. The peak of distribution and the concentration of dN/dlogDp were changed into 
20-30 nm in the afternoon. Meanwhile, bimodal distribution of dS/dlogDp was 
observed starting around 11:00 at peak of distribution at 10 nm. The peak of 
distribution and the concentration of dS/dlogDp were also changed into 20-30 nm 
in the afternoon. Therefore, the growth rate of newly-formed nanoparticles are 
around 3 nm/hr. starting around 9:00 and followed by the growth rate of surface 
area 2 hours later. This event was identified by high pressure on sunny days as 
shown in Figure 3.13 (c) provided by Japan Meteorological Agency. As seen in 
Figure 3.13 (d), those polluted air were coming to Fukue Island mostly by 
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northwesterly wind. Based on the NOAA HYSPLIT model in 48-hr, these air mases 
came from polluted area in the north part of China (Figure 3.13 (e)). 
 
 
Figure 3.13 Evolution of (a) particle number concentration (dN/dlogDp) and (b) 
concentration of surface area (dS/dlogDp) from SMPSs data (Noted that the figure 
shows only at 08:00); (c) weather map (provided by Japan Meteorological 
Agency); (d) wind direction; and (e) NOAA HYSPLIT back trajectory model in 
48-hr in the event day (Apr. 13, 2017). 
 
3.4.2 Case 2: Origin of the air masses (Apr. 14, 2017) 
Different pattern of pressure map in the next day was shown in Figure 3.14 
(a) when the high pressure was located in the Pacific Ocean. As clearly seen in 
Figure 3.14 (b), the origin of air masses were changed. In the morning (09:00-10:00 
JST), the air masses were identified in Yellow Sea. Around noon (11:00-14:00 JST), 
the air masses came from East China. Furthermore in the afternoon, these polluted 
air were coming from north part of China. In the morning, Figure 3.14 (c)), we 
identified the PNC of 4,000 cm-3 in the altitude below 800 m and around 2,000 cm-
3 in the high altitude (>800 m). Around noon, Figure 3.14 (d)), the PNC reached 
8,000 cm-3. It is confirmed that the origin of air masses was changed due to wind 
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direction. However, we could not identified the PNC in the afternoon. The test flight 
was canceled due to strong wind. 
 
 
Figure 3.14 Weather map ((a) and (b)) and particle number concentration as a 
function of space ((c) (local time, ~08:35-09:35) and (d) (~11:10-11:45)) in the 
case of air masses origin (Apr. 14, 2017). 
 
In the morning (08:35-09:35 JST, Figure 3.15 (a)), the PNC was around 3,000 
cm-3 in the altitude of <800 m and around 2,000 cm-3 in the high altitude (>800 m). 
A slight difference was identified around noon when the PNC reached 8,000 cm-3 
during climbing time of the kite-plane then decreased to around 4,000 cm-3 when 
the kite-plane was landed (Figure 3.15 (c)). There was no significant difference of 
temperature in the two of the test flight (Figure 3.15 (b) and (d)). However, the 
relative humidity in the morning was a slightly higher than noon. The boundary 
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layer in the morning was identified in the altitude of around 800 m. In the noon, we 
could not identified the boundary layer less than 1000 m in the altitude. 
 
 
Figure 3.15 Particle number concentration ((a) and (c)) and meteorological 
condition ((b) and (d)) in the case of air masses origin (Apr. 14, 2017). 
 
The PNC (N; red, pink, purple, and blue line) and the height (z; black line) as 
a function of time were shown in Figure 3.16 (a). Figure 3.16 (b) shows the contour 
plot of mobility size distributions based on SMPSs data. Based on two graphs, in 
the morning, the PNC was related with Aitken mode particles around 100 nm, 
except in the high altitude (>800 m). Around noon, the high concentration of 
particles were identified in the altitude of less than 800 m and has correlation with 
NPF at particle size around 10 nm. Unfortunately we cannot observe the PNC in 
the upstream region when we identified the growth of nanoparticles around 30-50 
nm. Noted that the 1nm-SMPS was not shown after 11:20 due to technical problem. 
Figure 3.16 (c) and (d) show the evolution of particle number concentration 
(dN/dlogDp) and the concentration of surface area (dS/dlogDp) from SMPSs data 
starting from 08:00 every 1-hour. The dN/dlogDp was mono-modal distribution 
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with the peak distribution at around 100 nm before 11:00. Meanwhile, we cannot 
confirmed the peak distribution of dS/dlogDp on this day. We identified that 
dN/dlogDp was bimodal distribution at the peak of around 10 nm with the 
concentration reached 10,000 cm-3. Therefore, unclear banana was observed due to 
the change of air masses origin. 
 
 
Figure 3.16 (a) Particle number concentration and height as a function of time, (b) 
contour plot of mobility size distributions, (c) particle number concentration 
(dN/dlogDp) and (d) concentration of surface area (dS/dlogDp) in the case of air 
masses origin (Apr. 14, 2017). Noted that the figure (c) and (d) show only at 
16:00. 
 
3.4.3 Case 3: Non-event day (Apr. 15-16, 2017) 
The last case is non-event day in Apr. 15-16, 2017. The high pressure in this 
region on both days were located in the Pacific Ocean (Figure 3.17 (a) and (d)). The 
wind direction mostly came from the south (Figure 3.18 (b) and (e)). The origin of 






Figure 3.17 Pressure map ((a) and (d)), wind direction ((b) and (e)), and NOAA 
back trajectory model ((c) and (f)) in the case of non-event day (Apr. 15-16, 
2017). 
 
Figure 3.18 (a) to (c) are the data on Apr. 15, 2017. Unfortunately, we cannot 
record GPS data on Apr. 16, 2017. We measured 3 times on Apr. 15, 2017: morning 
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(~08:40-09:30 JST), noon (~11:05-11:50 JST), and afternoon (~14:00-15:00 JST). 
Insignificance number of particles was found in this day. The PNC is around 2,000 
cm-3 and it is similar with the ambient number of particles in the clear day. 
 
 
Figure 3.18 Particle number concentration as a function of space  
on Apr. 15, 2017: (a) Morning (~08:40-09:30 JST), (b) noon (~11:05-11:50 JST), 
and (c) afternoon (~14:00-15:00 JST). 
 
As clearly seen in Figure 3.19 (a), (c), and (e) in Apr. 15, 2017, the ambient 
number of particles is around 2,000 for the altitude lower than 800 m. In the high 
altitude (>800 m), the PNC is around 1,000 cm-3, except in the afternoon (Figure 
3.19 (e)), due to the trajectory of the kite-plane was lower than 800 m. The 
temperature profiles have same trend (between 10 and 20 degree) under high 
relative humidity (around 80%, Figure 3.19 (b), (d), and (f)). Noted that, as clearly 
seen in Figure 3.19 (a) and (c), the boundary layer were identified at 800 m. In the 





Figure 3.19 Particle number concentration ((a), (c), and (e)) and meteorological 
condition ((b), (d), and (f)) on Apr. 15, 2017. 
 
As shown in Figure 3.20 (a), the PNC data from CPC-3781 was similar with 
the data from long-SMPS. No significance number of freshly formed nanoparticles 
was observed on this day. It suggested that no event was identified in the upstream 
region in this day. Noted that in the morning, there is some interrupt for CPC-3781 
due to empty water in the chamber. Therefore, no data was recorded around 20-min. 
Mostly, the source of PNC was in the Aitken mode of particles around 100 nm 
(Figure 3.20 (b)). Both dN/dlogDp and dS/dlogDp (Figure 3.20 (c) and (d)) have a 





Figure 3.20 (a) Particle number concentration and height as a function of time, (b) 
contour plot of mobility size distributions, (c)  particle number concentration 
(dN/dlogDp) and (d) concentration of surface area (dS/dlogDp) on Apr. 15, 2017. 
 
Meanwhile, the PNC profiles on Apr. 16, 2017, as clearly seen in Figure 3.21 
(a) and (c), are similar with the previous day, 2,000 cm-3 for the altitude lower than 
800 m and 1,000 cm-3 for high altitude (>800 m). Figure 3.21 (b) and (d) show 
temperature and relative humidity profiles. Noted that the data were extracted from 
data logger (not from sonde). The same trend of temperature was identified between 
15 and 20 degrees under high relative humidity (>80 %) for altitude less than 800 
m. It was unclear boundary layer in the morning, but we can see the boundary layer 





Figure 3.21 Particle number concentration ((a), (c), and (e)) and meteorological 
condition ((b), (d), and (f)) on Apr. 16, 2017. 
 
In this day, we planned to observe the PNC each layer: 200, 400, 600, and 
900 m (Figure 3.22 (a)). In the first flight, the kite-plane was ascending and 
descending several times from the ground to the height of 600 m and from 600 m 
to 200 m. In the second flight, the kite-plane was flew 2-3 rounds every layers. 
Noted that the CPC-3781 could run up to 1.5 hours. Unfortunately, the 1nm-SMPS 
and nano-SMPS were not working well. We only show the mobility size 
distributions from long-SMPS (Figure 3.22 (b)). No significance number of 
particles on this day. Morning to noon, the particle dominated by Aitken mode 
particles around 100 nm. dN/dlogDp and dS/dlogDp have peak of distribution 





Figure 3.22 (a) Particle number concentration and height as a function of time, (b) 
contour plot of mobility size distributions, (c)  particle number concentration 
(dN/dlogDp) and (d) concentration of surface area (dS/dlogDp) on Apr. 16, 2017. 
 
3.5 Conclusion 
The aerial observation in order to investigate atmospheric layers of freshly-
formed nanoparticles was carried out in the upstream region (~3.7 km, west of 
Fukue site) in 4-days (Apr. 13 to 16, 2017). In Apr. 13, we observed NPF event day. 
In the low altitude (<100 m), the CPC-3781 data was synchronized with the data 
from 1nm-SMPS. Abundant number of particle concentration (PNC) were 
identified in the layer between ~200 to ~600 m with the peak at the altitude of ~400 
m. The ambient PNC in the high altitude (>800 m) is around 2,000 cm-3, except 
around in the afternoon. The evolution of particle number concentration 
(dN/dlogDp) and surface area concentration (dS/dlogDp) are identified in the ground 
based station. It seems that the NPF was observed simultaneously in a wide area. 
The origin of air masses mostly came to Fukue Island by westerly/northwesterly 
wind and identified in the upstream region of ~200-600 m in the altitude before 
reached the site. In Apr. 14, the mobility size distribution was identified due to 
change of air masses origin. In the last two days (Apr. 15-16), insignificance 




DEVELOPMENT OF NANOPARTICLE DETECTOR 
 
4.1 Introduction 
In general, there are two directions in particle sizing instrumentation: (1) 
improved resolution and accuracy, and (2) developed a portable and inexpensive 
instrumentation. The first method is required for the fundamental research. The 
1nm-SMPS and (Figure 4.1 (a)) and Nanometer aerosol and Air Ion Spectrometer 
(NAIS, Figure 4.1 (b)) are the examples of commercial product. 1nm-SMPS is the 
spectrometer for measuring aerosol size distribution in low nanometer size range 
(counting efficiency (D50) is 1.4 nm). Meanwhile, NAIS is the aerosol instrument 
for measurement of size and mobility distributions of aerosols particles (~2 to 40 
nm) and air ions (0.8 to 40 nm) in the atmosphere. However, as a consequence, it 
made the instrumentation more expensive. In the second method, it can be used for 
personal monitoring, wide-spread global monitoring, or urban air quality 
measurements, even though that it might be result in lower resolution. There are 
some issues in this method such as flow and particle transport in narrow channels 
and particle charging. One of the commercial product is Aerosol Electrometer with 
the size ranging between 2 nm to 5 µm (Figure 4.1 (c)). However, for one reason, 
the weight is still heavy. 
Recently, an instrument for measuring ion distributions in the size range of 
1.3 to 6 nm was performed using a Particle Size Magnifier (PSM), a Nano Radial 
Differential Mobility Analyzer (nRDMA), and high transmission inlet at the 
CLOUD chamber (Franchin et al., 2013). Yu et al. (2016) used a PSM (Model A10, 
Airmodus Oy, Finland) and a CPC (Model A20, Airmodus Oy, Finland) to observe 
nucleation of sub-3 nm particles in China. Cai et al. (2017) developed a miniature 
DMA for particle size of sub-3 nm.  They reported that the particle sizing resolution 
and penetration efficiency of the DMA are 5.7 and 0.21 respectively at the flow 
ratio of 1/10 l/min when classifying 1.47 nm particles.  
Based on the previous research, we need a reliable instrument which can 
detect particles down to 1 nm in order to investigate the new particle formation 
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(NPF). We would like to develop a portable instrument which can detect the particle 
concentration for the particle size of down to 1 nm. 
 
 
Figure 4.1 Examples of commercial product for nanoparticle detector: (a) 1nm-
SMPS (TSI, Inc.), (b) Nanometer aerosol and Air Ion Spectrometer (NAIS), and 




4.2.1 Parallel-plate mobility analyzer 
A parallel-plate mobility analyzer was one of common method to classify the 
particle size. Figure 4.2 shows the schematic diagram of parallel-plate mobility 
analyzer. The system is consist of the inlet, sheath gas flow, chamber for classifier, 
electrical field, and the outlet. As clearly seen in Figure 4.2, the polydisperse of 
charged particles introduced to the chamber through the inlet. The sheath gas flow 
in the chamber to carry out the charged particles. The electrical field applied to the 
system and it accelerated the charged particles. The charged particles will move 
differently based on the specific electric mobility (Zp). This electrical mobility is 
57 
 
equal to charge number of particle (n), elementary unit of charge (e), and 
Cunningham correction factor (Cc) and equal to the inverse of particle size (Dp) and 
viscosity (η) through the following equation: 
𝑍 = =        1.1 
The movement of charged particles was also depend on the sheath flow rate (Q), 
physical dimension of chamber (a, b, and l), and applied voltage (V). Thus, the 
equation 1.1 will be: 
𝑍 = = =       1.2  
Therefore, by changing the electrical potential, it can classify the size of particles 
to be measured.  
 
 
Figure 4.2 Schematic diagram of parallel-plate mobility analyzer. 
 
4.2.2 Aerosol electrometer 
Figure 4.3 shows the schematic diagram of aerosol electrometer. Charged 
particles introduced into the inlet system and its electron is captured by the 
conductive filter. This chamber was highly isolated from the environment to avoid 
the noise signal. The change of the number of electron in the conductive filter will 
be converted into the electrical signal (current, I). This signal is equal to the particle 





        1.3 
with p is charge number and qe is aerosol flow rate. Since the principle of these 
method are simple, we decided to adopt this method as a particle detection method 
in this research.  
 
 
Figure 4.3 Schematic diagram of aerosol electrometer. 
 
4.3 Nanoparticle detector 
The schematic of the portable instrument can be seen in Figure 4.4. There are 
three function of this device: (a) charging (②), (b) classifying (③), and (c) 
detecting (④ and ⑤). The uncharged particles was introduced to the inlet (①). 
Then the particles were charged by the positive ions which is generated by the 
micro-plasma module. This micro-plasma could be controlled by the waveform of 
high voltage. Therefore, the particles are positively charged. Noted that there is an 
issue about the performance of this charger. The charged particles are subjected to 
electrostatic force by a uniform electric field formed between the parallel plates by 
the DC voltage (V). Only particles with a specific particle size will be collected by 
this metal plate. Ions with large mobility are immediately accelerated by the electric 
field and trapped by the metal plate (I1). Meanwhile, the determined size of particles 
were detected by I2. The large size of particles with a low electric mobility and 
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uncharged particles are not captured and are discharged directly to the outlet. The 
electric charge of charged particles collected on a metal plate is detected as a current 
value by an ammeter. For example, if we know that the concentration of 
atmospheric nanoparticles is around 10,000 p/cc and we used the flowrate of the 
system is 10 l/min, therefore, the current value of charged nanoparticles detector is 
270 fA. Therefore, in principle, this portable instruments can be used to detect 
atmospheric nanoparticles with the size can be selected for sizes of the sub-5 nm. 
 
 
Figure 4.4 Nanoparticle detector. 
 
4.4 Experimental setup 
The performance of the portable instrument was evaluated using the 
experimental setup as seen in the Figure 4.5. The test particles was obtained from 
the silver heated in the electric furnace by evaporation-condensation method. These 
particles were charged by the americium (241Am) and then classified by DMA. As 
a result, the monodisperse charged particles were introduced to the portable 
instrument and aerosol electrometer simultaneously. 
Due to the small order of electrical current, the noise from the environment 
was significantly affect the result. Basically, the electromagnetic such as from the 
lamp and electrical power emitted the electrical field. This strength of electrical 
field was equal to the inverse square of distance. Therefore, it is very important to 
use shield as a function to avoid the noise from the environment. 
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The next issue is how to guard the signal from the detector to the electrical 
meter. One of the way to protect the signal is with using the ground to cover the 




Figure. 4.5 Experimental setup. 
 
4.5 Results and discussion 
As clearly seen in Figure 4.6, the current level of noise before using shield 
and guard is in order nano ampere. When the signal level in order a few to hundred 
femto-ampere (fA), it is hard to have the noise level in order nano-ampere (nA). 
The true signal will bias due to those noise signal. We are using the stainless steel 
to cover nanoparticle detector from the environmental noise. We are also using the 
good cable to connect the detector to the electrical meter. As a result, we can reduce 
the noise level from order 1 nA to below 10 fA. This signal noise might be enough 
to see the true value of signal.  
Figure 4.7 shows the result from the two instruments, nanoparticle detector 
and aerosol electrometer. As a reference, aerosol electrometer can detect the 
particles with the peak of 40 fA at 3-4 nm. Meanwhile, we tried to change the 
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voltage on nanoparticle detector. As clearly seen in the Figure 4.7, when the voltage 
is zero volt, we cannot detect the signal as well as the noise level also in zero level. 
If we applied the voltage into 10 V, we can see the peak less than 10 fA at 2 nm. 
We have to consider that there is a noise around 30 fA. If we changed the voltage 
into 30 V and 40 V, then, we have the peak around 20 fA at 3-4 nm. The noise also 
raised into 70 fA and 90 fA respectively. 
 
 
Figure 4.6 Noise level before (marked by blue line) and after (marked by orange 
line) using shield and guard. 
 
 





Nanoparticle was built and performed in the laboratory scale. We used 
parallel-plate mobility analyzer and aerosol electrometer as a basic concept to detect 
nanoparticles down to 1 nm. We also consider about the noise from the environment 
as well as how to guard the true signal from the internal noise. As a result, we have 
the signal up to 20 fA at 2 to 3-4 nm. At the same time, aerosol electrometer can 
detect the nanoparticles with the peak is 40 fA. Noted that the internal noise of 
nanoparticle detector still occur when we applied the voltage in the range 30 to 90 
fA. 
There are some issues regarding to the nanoparticle detector. First issue is 
internal noise. It seems that the guard is not enough well to protect the true signal. 
It was because that we are using the inappropriate material in the internal system. 
Therefore, some leak of current is still occur. The second issue is the sensitivity. 
We have seen unclear difference between V=10V, 20V, and 30V. The third issue is 







CURRENT SITUATION OF ATMOSPHERIC 
NANOPARTICLES IN FUKUE ISLAND, JAPAN 
 
5.1 Introduction 
Various sources of air pollution, for example, from the coal-fired power plant, 
cement industry, crematories, and the other anthropogenic emissions particularly in 
the East Asia were influenced the air quality not only in the local area but also in 
the other region. These emissions such as SO2, NOx, Volatile Organic Compounds 
(VOCs), and particulate matter (PM) as well as meteorological conditions have 
been contributing to the more severe air pollution. Xue et al. (2016a) reported that 
winter season is the highest emissions of air pollutants in Beijing, China, due to the 
increased indoor heating demand. They also reported that SO2 concentration is one 
of primary emissions into the atmosphere. Such a trend probably will be increased 
if the local government used business-as-usual scenario rather than improved 
pollution control schemes (Xue et al., 2016b and 2016c). Therefore, for instance, 
these pollutants are transported over a long distance by westerlies and raise serious 
problems in the downstream regions. They indirectly affect the regional size 
distribution through a process of secondary particle formation, also known as new 
particle formation (NPF). Furthermore, the fresh atmospheric aerosol was growth 
to several tens nanometers by further condensation and coagulation of low volatility 
and semi-volatile vapors, and heterogeneous reactions (Young et al., 2013). 
Many researchers reported various data about emission sources in the East 
Asia, especially in China. As clearly seen in Figure 5.1, PM2.5 in Beijing tended to 
decrease gradually. Zheng et al. (2015) reported that particulate matter has 
concentration as high as ~110 µg·m-3 in 2010. It might be due to the intervention of 
local government in tackling more environmental damage. However, the 
concentrations are still higher than the target. The yearly-averaged PM2.5 almost 
reached 100 µg·m-3 in 2010 and dropped to ~90 µg·m-3 in 2015 (Lang et al., 2017). 
The linear trend of PM2.5 concentration in 2018 are still high (80 µg·m-3). A similar 
trend of SO2 concentration was also reported by Jin et al. (2016) from several cities 
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(Beijing, Tianjin, Shanghai, Chengdu, Chongqing, Guangzhou, and Shenzhen). The 
level concentrations of SO2 in 2010 are varied starting from 10 to 60 µg·m-3 and 
trended to decrease to ~20 µg·m-3 by 2018. 
 
 
Figure 5.1 Emission sources (PM2.5 and SO2) in China. Noted that PM2.5 and SO2 
concentration was reproduced from Lang, J. et al. (2017), Trends of PM2.5 and 
Chemical Composition in Beijing, 2000-2015 (Aerosol and Air Quality Research) 
and Jin, Y. et al. (2016), Air Pollution Control Policies in China: A Retrospective 
and Prospects (Int. J. Environ. Res. Public Health) respectively. 
 
In the other hand, in the downstream area, PM2.5 and SO2 concentration were 
also measured at Goto station in Fukue Island, Japan. The scattered data of monthly-
averaged PM2.5 concentration (marked by blue circle) were shown in Figure 5.2. In 
the last 5-years, the PM2.5 concentration are slightly stable at the level of 15 µg·m-
3 and it was ~6-times lower than the concentration in the sources region. The 
monthly-averaged SO2 concentration (marked by red circle) was recorded as high 




Figure. 5.2 PM2.5 and SO2 concentration measured at downstream region (Goto 
Station, Fukue Island, Japan). 
 
We conducted field observation to investigate NPF and growth events on the 
ground based station in Fukue Island, Japan over four periods (Feb. 23 to Mar. 7, 
2013; Feb. 27 to Mar. 17, 2015; Feb. 27 to Mar. 25, 2016; and Jan. 28 to Apr. 19, 
2017). Various instruments were carried out to this site, such as mobility size 
distributions, gaseous concentrations, PM2.5 mass concentration, aerosol chemical 
components, and meteorological parameters. A several NPF with onset diameters 
as small as 5 nm and followed by the successive growth of particles to mobility 
diameters of several tens nanometers were identified and associated with the long-
range transport of polluted air masses from the East Asian region (Chandra et al., 
2016). The daily average of PM2.5 concentration was typically less than 20 µg·m-3, 
but sometimes the value exceeded the target of environmental standards (≥35 µg·m-
3 in daily average; Wakamatsu et al., 2013). The concentration of SO2 during an 
observation campaign was 2.3±2.2 ppb, 1.3±0.9 ppb, 0.8±0.5 ppb, and 0.9±0.7 ppb 
respectively. However, we only identified three days event over the 28-days 
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observation period in 2016 (~10%). This situation was in contrast to the events in 
2013 when we identified around 60% of event days. The level concentration of SO2 
and PM2.5 might be influenced the formation rate of newly-formed nanoparticles in 
Fukue Island, Japan. In the present study we measured mobility size distribution 
using 1nm-Scanning Mobility Particle Sizer (SMPS) ranging from 1 to 30 nm. We 
analyzed how the concentration of the possible precursor (SO2) and mass 
concentrations of PM2.5 of atmospheric aerosol, as well as meteorological 
conditions, influenced the condition of the NPF. 
 
5.2 Methods 
We conducted a field study to investigate NPF and growth events under the 
influence of air pollution transported over large distances in the East Asia region as 
part of the Impacts of Aerosols in East Asia on Plants and Human Health (ASEPH) 
project. We selected Fukue Island (32.8ºN, 128.7ºE), a rural island located in the 
outflow region of the East-Asian plume, as a supersite for field observation. In the 
first study, 2012, we collected time-resolved data on the mobility size distribution 
and number concentration by a long-SMPS with a size range of 14-670 nm (Seto et 
al., 2013). We added a Nano-SMPS to measure mobility size distribution between 
2.5 nm and 64 nm over 2013-2015 period, and it was replaced by a 1nm-SMPS (Dp 
> 1 nm) in 2016. In 2017, we used nano and long-SMPS for a long-term observation 
(82 days) and 1nm-SMPS only for the intensive observation. The measurements of 
the concentrations and chemical composition of atmospheric aerosols and gases 
were available from the observation system of National Institute for Environmental 
Studies (NIES) and various meteorological data were available from the 
observation network for aerosol-cloud-radiation interaction (SKYNET). 
 
5.3 Results and discussion 
In the previous research, we classified NPF into three types based on the 
initial size of nucleation. Figure 5.3 (a) to (c) are typical data for each type. Type-
A is strong event when the NPF was observed in the morning starting from sub-10 
nm and growth into several tens nanometer in few hours (Figure 5.3 (a)). As clearly 
seen in Figure 5.3 (d), type-A was identified with the high concentration of SO2 and 
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low concentration of PM2.5. Those initial size of nucleation cannot observed clearly 
in type-B (Figure 5.3 (b)). This type identified NPF starting from 10 nm around 
noon under low concentration of SO2 and PM2.5 (Figure 5.3 (e)). It seems that the 
nucleation rate was suppressed by PM2.5 concentration under low concentration of 
SO2. When the day is no detectable formation and growth of new particles, we 
classified as type-C (Figure 5.3 (c)). SO2 concentrations was scattered from low to 
high concentration under high concentration of PM2.5 (Figure 5.3 (f)).  
 
 
Figure. 5.3 Classification of new particle formation based on previous research. 
 
Figure 5.4 (a) to (d) are mobility sized distributions data from 4 observation 
periods in 5-years. Noted that we show the data in Figure 5.4 (d) only starting from 
Feb. 23 to Mar. 18, 2017, due to long-term observation days. As clearly seen in 
Figure 5.4 (a), the strong event was observed. We identified 8 of 13 observation 
days as type-A (2/23-25, 2/28, 3/4-5). In 2015, we cannot clearly observe for type-
A event (Figure 5.4 (b)). 11-event days were identified as type-B. Moreover, we 
only identified 3-event days in 28 field observation days in 2016 (Figure 5.4 (c)). 
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The statistical data on 2017 are: (1) 6 event days (7.3%) for type-A; (2) 12 event 
days (14.6%) for type-B; and (3) 64 non-event days (78%) for type-C. It seems that 
the number of events in year-to-year observation were decreasing.  
 
 
Figure 5.4 Mobility size distributions over 4 period of observations: (a) Feb. 23 to 
Mar. 7, 2013; (b) Feb. 27 to Mar. 17, 2015; (c) Feb. 27 to Mar. 25, 2016; and (d) 
Jan. 28 to Apr. 19, 2017.  
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Figure 5.5 show the normalized frequency for each type. The number of event 
tended to decrease since 2013. Type-A was identified ~50% in 2013 and decreased 
to less than 10% in 2017. In 2015, NPF events are only type-B for more than 50%. 
In the last 2-years (2016-2017), the event was identified less than 25%. 
 
 
Figure 5.5 Normalized frequency of new particle formation over 4 observation 
periods (Feb. 23 to Mar. 7, 2013; Feb. 27 to Mar. 17, 2015; Feb. 27 to Mar. 25, 
2016; and Jan. 28 to Apr. 19, 2017). 
 
Figure 5.6 show the normalized frequency only for the event days (type-A 
and type-B) for each period. In 2013, the events were dominated by type-A under 
high concentration of SO2 and PM2.5. This confirm that sufficient amount of SO2 is 
enough for nucleation. As clearly seen in Figure 5.6, SO2 concentration was 
decreased from ~3 ppb in 2013 to ~1 ppb in 2017 under slight decrease of PM2.5 
concentration. This condition significantly affected to decreasing number of event 




Figure 5.6 Normalized frequency of new particle formation only for the event 
days and PM2.5 and SO2 concentration over 4 observation periods (Feb. 23 to Mar. 
7, 2013; Feb. 27 to Mar. 17, 2015; Feb. 27 to Mar. 25, 2016; and Jan. 28 to Apr. 
19, 2017). 
 
Figure 5.7 (a) to (d) show the daily-averaged PM2.5 concentration against SO2 
concentration over four period in 5-years. Type-A, -B, and -C are marked by 
different color/shape. In 2013, the level concentration of SO2 and PM2.5 almost 
reached 10 ppb and 35 µg·m-3 respectively. However, in the last 3-years, PM2.5 
concentration was identified under ~25 µg·m-3. Meanwhile, SO2 concentration 
tended to decrease to <5 ppb in 2015 and <3 ppb in 2016-2017. Kurokawa et al. 
(2013) reported that the emission of SO2 in China was decreased since 2007 due to 
local government have been controlling the emission gas through desulphurization 
technologies in the large power plants.  
In 2013, the data seems scattered linearly. Type-A was identified under high 
concentration of SO2 (>1.5 ppb). In contrast, type-B was observed under low 
concentration of SO2 (<2 ppb). In 2015, we cannot observe type-A. The events 
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mostly was identified as type-B under concentration of PM2.5 in the range of 5 and 
~25 µg·m-3. In 2016, type-A and -B were identified infrequently. Two events on 
Mar. 2 and 10, 2016, will be discussed later. In the long-term observation, 2017, 
non-event days were observed mostly under SO2 concentration of <1.5 ppb and 
PM2.5 concentration of >15 µg·m-3. The SO2 are well-known as one of the main 
precursor gas in the daytime atmospheric NPF through photochemical processes 
(Birmili and Wiedensohler, 2000; Yu, 2010). Therefore, the decline of SO2 




Figure 5.7 Daily-averaged PM2.5 concentration against SO2 concentration over 
four observation periods: (a) Feb. 23 to Mar. 7, 2013; (b) Feb. 27 to Mar. 17, 
2015; (c) Feb. 27 to Mar. 25, 2016; and (d) Jan. 28 to Apr. 19, 2017). 
 
As clearly seen in Figure 5.8 (a), mostly event days were identified under the 
solid line (SO42-:SO2 = 1:1). This condition confirmed that sufficient amount of SO2 
is enough for nucleation before convert to the particle phase. In contrast, mostly the 
event and non-event days in Figure 5.8 (b) and (c) were observed over the solid line. 
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It suggested that the nucleation process was occurred in the upstream region before 
came to the site. Noted that the data of sulfate (SO42-) in 2017 were not yet analyzed. 
 
 
Figure 5.8 Daily-averaged SO42- mole concentration against SO2 concentration 
over three observation periods: (a) Feb. 23 to Mar. 7, 2013; (b) Feb. 27 to Mar. 
17, 2015; and (c) Feb. 27 to Mar. 25, 2016. 
 
One of the product of photochemical process is ammonium sulfate 
((NH4)2SO4). As clearly seen in Figure 5.9, typical event days were observed in the 
solid line. It seems that the event days were identified in the form of ammonium 
sulfate. However, some of them were under the solid line. It suggested that the lack 
of ammonium concentration was identified during photochemical process.  
Figure 5.10 (a) and (b) show pick-up data on the time variation of atmospheric 
species and meteorological data (Mar. 2 and 10, 2016). A remarkable increase in 
the concentration (dN/dlogDp > 104 cm-3) of nanoparticles were detected in the 
morning (~10:00) and noon (~13:00) respectively and continued until early evening 
under high concentration of the Aitken mode particles (~100 nm) (Figure 5.10 (a) 
and (b)). Those days were observed under different weather. The event on Mar. 2 
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was identified under high solar radiation. In contrast, the event on Mar. 10 was 
identified under cloudy condition. It suggested that the photochemical process has 
significant affect to the nucleation process and some typical delay of nucleation 
time due to the insufficient amount of solar radiation. 
 
 
Figure 5.9 Daily-averaged SO42- mole concentration (doubled) against NH4+ 
concentration over three observation periods: Feb. 23 to Mar. 7, 2013; Feb. 27 to 
Mar. 17, 2015; and Feb. 27 to Mar. 25, 2016. 
 
The event on Mar. 2 (type-A) was identified under high concentration of SO2 
(>1 ppb) and low concentration of PM2.5 (<15 µg·m-3) (Figure (c)). Meanwhile, the 
relatively high concentration of SO2 (>1 ppb) and PM2.5 (>10 µg·m-3) were 
identified before the nucleation period on Mar. 10 (type-B; Figure (d)). It suggests 
that the level concentration of SO2 was sufficient to generate new particles under 
gradually decrease of PM2.5 mass concentration. Based on the NOAA HYSPLIT 
model (Draxler and Rolph, 2013), the air mass came from the north part of China 
and high altitude under high pressure (Figure (e)). In the case of type-B, two air 
masses origin were coming from the north and northwest of China by northwesterly 
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wind under low pressure (~1010 hPa) at Fukue site on Mar. 10 (Figure (f)). It 
suggested that the transboundary transport of air pollutions were observed and 
associated with the NPF event in the down-flow region. 
 
 
Figure 5.10 Time variation of atmospheric species and meteorological data on 
Mar. 2 and 10, 2016: (a) and (b) mobility size distributions; (c) and (d) PM2.5 and 
SO2 concentration and solar radiation (I); (e) to (h) weather map provided by JMA 
and 48-hour back trajectory based on the NOAA HYSPLIT model. 
 
5.4 Conclusions 
Field observations to investigate the atmospheric new particle formation 
(NPF) and growth events were carried out on the outflow region of the East-Asian 
plume in the East-China Sea (Fukue Island, 32.8ºN, 128.7ºE) over four periods in 
the winter-to-spring season (Feb. 23-Mar. 7, 2013; Feb. 27-Mar. 17, 2015; Feb. 27-
Mar. 25, 2016; and Jan. 28 to Apr. 19, 2017). The daily-averaged SO2 concentration 
and PM2.5 concentration are 2.3±2.2 ppb and 17.6±8.5 µg·m-3, 1.3±0.9 ppb and 
13.8±4.7 µg·m-3, 0.8±0.5 ppb and 14.7±5.3 µg·m-3, and 0.9±0.7 ppb and 11.7±4.4 
µg·m-3 respectively. The possibility of nucleation process in Fukue site is as follow: 
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1. Adequate level of SO2 concentration under long-range transport of air 
pollutants came to the site. 
2. A photochemical process changed the phase of those gaseous and converted 
into the particle phase. 
3. A remarkable increase of new particles were observed under the low 
concentration of PM2.5 (type-A)  
4. When the pre-existing particles were existed or the SO2 concentration was 
a little bit low or some cloudy conditions, therefore, we cannot clearly 
identify the strong event (type-B). 
5. When the pre-existing particles were existed more than a certain value of 
SO2 concentration, we cannot observe the NPF (type-C). 
The scattering plot between SO2 and PM2.5 concentration tends to be decreased from 
year-to-year. It was influenced the new particle formation (NPF) and growth events 
in 2017 campaign when we only identified the less number of event days (<25%). 
Therefore, the NPF events were influenced by the transboundary transport of 








The air pollutants in the East Asia is one of primary concern by the 
international communities. The primary aerosols such as PM2.5, PM1, BC, and OC 
as well as gaseous pollutants (SO2, NOx, VOC, etc.) affected directly the local 
environment. These are inseparable from the rapid increase of human activities. 
Unfortunately, the negative impact of air pollutants also influenced the downstream 
region when those emissions carried by the wind and transported the long-distance. 
The gaseous pollutants such as SO2, for instance, will convert into the ultrafine 
particle by a photochemical process, also called as new particle formation (NPF). 
Therefore, the particle size distributions exhibit features from the nanoscale to the 
microscopic and might affect directly/indirectly to the climate change. 
In the previous study, 2012, we observed the large-scale of air mass that it 
came from the long-range transport and it was synchronized with a sudden increase 
of particle number concentration. Unfortunately, we could not identified the initial 
size of freshly-formed nanoparticles (>14 nm) due to the sensitivity of the 
instrument. Therefore, we added a nano scanning mobility particle sizer later in 
2013 which can detect the particles as small as 2.5 nm. 
In the next period of campaign, we conducted field observation at Fukue site, 
a rural area in the western coast of Kyushu Island, Japan, over three periods (Feb. 
23 to Mar. 7, 2013; Nov. 7 to 20, 2013: and Nov. 2 to 24, 2014). We classified the 
NPF into three types (A, B, and C). Type A is the strong event when the initial size 
of nucleation was started from sub-10 nm in the morning and growth into several 
tens nanometer until evening. Type A was identified under high concentration of 
SO2 and low concentration of PM2.5. The typical air mass for type-A was carried 
out by the northwesterly wind in the high altitude based on 48-hour back trajectory 
(NOAA HYSPLIT model). Type-B was observed when we cannot seen clearly the 
newly-formed nanoparticles as strong as type-A. The typical of type-B was 
identified under low solar radiation and started from around noon. The time delay 
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of nucleation time might be due to the lack of solar radiation. Type-B was also 
identified under low concentration of SO2 and PM2.5. Air mass came from low and 
high altitude for type-B. When we cannot see the remarkable increase in the particle 
number concentration, we categorized as type-C. The SO2 concentration on type-C 
was scattered from the low to high concentration under high concentration of PM2.5. 
The air mass for type-C was mostly observed from the low altitude. 
We analyzed factors affecting NPF events based on our classification. All the 
type-A event was identified under high solar radiation (>600 W·m-2). Meanwhile, 
some of time-B event was identified under low solar radiation. It seems that the 
nucleation was occurred in the upstream region before entered the site. However, 
some type-C was also observed under high solar radiation. Noted that the type-C 
was identified under high PM2.5 concentration. It suggested that the pre-existing 
particles suppressed the NPF events. Condensation sink is an indicator for 
estimating that situation. 
We identified that most of type-A event was observed under sufficient 
amount of SO2 concentration. Meanwhile, in the case of type-B and -C, most of the 
days were identified under sulfur rich in the particle phase. It suggested that for 
those types, the nucleation might appeared in the upstream region and high altitude. 
We also identified that mostly the event days were observed under balancing 
product of ammonium sulfate.  
We, therefore, conducted aerial observation to investigate the number 
concentration of particles with related to the NPF event in the next campaign. The 
aerial observation was taken place near the Fukue site (~3.7 km). We used water-
CPC which can detect the particle size as small as 6 nm. That instrument was carried 
out by kite-plane with the altitude up to 1.2 km.  
During the aerial observation, we seen several situations regarding the NPF 
event. First is an event days when we identified a remarkable number concentration 
of particles in an atmospheric layer of altitude lower than 800 m. The air mass came 
from the north part of China as typical case for the event days.  Thus, the data was 
compared to the data at ground based station. We concluded that it was related to 
the NPF event due to a similar trend of the particle number concentration. Therefore, 
the NPF event was observed in the wide area and reached up to 800 m in altitude. 
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The second case is non-event day. We identified the ambient number of particle 
concentration is around 2,000 to 3,000 cm-3. The air mass was coming from the 
south and short distance. The third case is when the different of air mass origin was 
observed and came to the observation site. It might result in the unclear initial size 
of nucleation and its growth. 
We, therefore, analyzed the 5-years data, particularly in the winter-to-spring 
season. We found that the level concentration of SO2 and PM2.5 tended to decrease 
gradually. It might affect the NPF event. In 2013, we observed the air pollutants in 
the big event of large-scale transport. We observed that both SO2 and PM2.5 were 
under high concentration and it might result in the strong event. However, in the 
last three years (2015-2017), we mostly observed the event days in unclear initial 
size of nucleation. Moreover, the strong event was identified under clean 
environment.  
 
6.2 Future work 
We conducted the field observation and identified the event and non-event 
days. However, we lack information on the initial size of nucleation. We tried to 
develop nanoparticles detector which can detect the particle size down to 1 nm. 
Unfortunately, the sensitivity and the resolution of that device are not quite good. 
We, then, tried to improve the performance of that device in the next version. 
During field observation, we also identified that the initial size of nucleation 
might be in the high altitude. Therefore, the development of nanoparticles detector 
should consider the physical dimension (small and light) and can be carried out by 
kite-plane. Moreover, with changing the applied voltage sequentially, we can 
observe particle size distribution of sub-10 nm. Combine with analysis of chemical 
composition in situ for sub-10 nm, we can comprehensively analyze the NPF under 
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